Epoxidation of vegetable oils using the heterogeneous catalysis, amorphous Ti-SiO2 by Kim, Kyunghoon
  
 
 
Epoxidation of Vegetable Oils Using the 
Heterogeneous Catalysis, Amorphous Ti-SiO2 
 
 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften der  
RWTH Aachen University zur  
Erlangung des akademischen Grades eines Doktors der  
Ingenieurwissenschaften genehmigte Dissertation 
 
vorgelegt von 
 
 
 
Diplom-Ingenieur Kyunghoon Kim 
aus Busan / South Korea 
 
 
Berichter:   Universitätsprofessor Dr. Wolfgang Stahl 
Universitätsprofessor Dr. Hubertus Murrenhoff 
 
Tag der mündlichen Prüfung: 5. April 2012 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online 
verfügbar. 
  
 
 
 
 
For my family 
For Yea-Eun        
  
  
This work carried out between December 2009 and September 2011 at the Department of 
Chemical Technology and Heterogeneous Catalysis at RWTH Aachen University. 
 
I really appreciate to Prof. Dr. Wolfgang Hoelderich for providing the chance to carry out the 
Ph.D work of an interesting topic, for the education he gave and for the excellent working 
conditions. All his advices and support were very helpful for the success of this work. I have 
heartfelt gratitude to him. 
 
Very thanks to Prof. Dr. Wolfgang Stahl and Prof. Dr.-Ing. Hubertus Murrenhoff for the kind 
acceptance to be my supervisors and to review this thesis. 
 
I also express my sincere thanks to all project partners, Dr. Frank Reichwald and Dr. Stefan 
Fokken in Baerlocher GmbH, Mr. Helmut Gehr and Mr. Thomas Becker in Gehr company 
and Dipl. Christian Matzen who is one of my colleagues for many advices and friendly 
discussions. This thesis is the result of a research work that is within the context of the 
research project ‘ECO-GLEIT’ (project number : KF 2317301SK9) supported by Fedral 
Ministry of Economics and Technology on the basis of a decision by the German Bundestag. 
 
Special thanks go to my bachelor student, Roman Honeker, who carried out a number of 
experiments with a highly motivated attitude. 
 
I extend my thanks to the technicians N. Avraham, H. Bergstein, E. Biener, H. Fickers-Boltz, 
M. Naegler and K. Vaessen for many measurements and their professional and kind personal 
support. And thanks to the SEM measuring team in DWI, RWTH-Aachen, too. 
 
I also thank all my colleagues in the institute, especially Dipl.-Ing. Moritz Veschott, Dipl.-Ing. 
Carsten Liebig, Dr. Raweewan Klaewkla, Dr. Oana Rusu, and Dr. Agata Wawrzynczak who 
always were next to me at happy or sad moments. I would like to be a friend of them for my 
whole life. 
 
Ultimately, I thank my family, especially my mom and dad, and my lovely girlfriend, Yea-
Eun for their emotional support and always taking care of my health. I love you all.    
 
  
Contents 
 
A. Introduction and Aim of the work..................................................................................... 1 
B. Background and Literature survey ................................................................................... 3 
1. PVC with lubricants as additives ................................................................................... 3 
2. Vegetable oils................................................................................................................. 6 
3. Epoxidation of vegetable oils....................................................................................... 11 
3.1 Homogeneous catalytic systems ........................................................................ 13 
3.2 Chemoenzymatic epoxidation system................................................................ 14 
3.3 Heterogeneous catalytic systems ....................................................................... 16 
3.4 Epoxidation with Titania-Silica catalysts .......................................................... 21 
C. Results and discussion ...................................................................................................... 24 
1. Catalyst characterization .............................................................................................. 24 
1.1 Catalysts prepared by method ‘a’ ...................................................................... 24 
1.1.1 Preparation of amorphous Ti-SiO2 catalysts using different silica sources
.......................................................................................................................... 24 
1.1.2 Influences on BET surface area of the catalyst ....................................... 31 
1.2 Catalysts prepared by method ‘b’ ...................................................................... 33 
1.2.1 Preparation of amorphous Ti-SiO2 catalysts using different silica sources
.......................................................................................................................... 33 
1.2.2 Different amounts of titanium loading (b) .............................................. 36 
1.3 Comparison of the catalysts prepared by method (a) – (c) ................................ 37 
2. Epoxidation reaction .................................................................................................... 43 
2.1 Non-catalytic epoxidation .................................................................................. 43 
2.2 Epoxidation of methyl oleate over amorphous Ti-SiO2 catalysts ...................... 45 
2.2.1 Catalytic results obtained with the Ti-SiO2 catalysts (KKHK5a, b, and c)
.......................................................................................................................... 46 
2.2.2 Epoxidation of methyl oleate with Ti-SiO2 (a) ....................................... 47 
2.2.3 Epoxidation of methyl oleate with Ti-SiO2 (b) ....................................... 65 
2.3 Epoxidation of oleic acid using amorphous Ti-SiO2 catalyst ............................ 71 
2.3.1 Epoxidation of oleic acid with Ti-SiO2 (a) ............................................. 71 
2.3.2 Epoxidation of oleic acid with Ti-SiO2 (b) ............................................. 77 
2.4 Stability test of amorphous Ti-SiO2 ................................................................... 78 
2.4.1 Titanium leaching test on Ti-SiO2 .......................................................... 78 
2.4.2 Re-usability of Ti-SiO2 ........................................................................... 79 
2.5 Distillation of reaction mixture .......................................................................... 79 
D. Summary ............................................................................................................................ 82 
E. Experimental section ......................................................................................................... 84 
1. Chemicals ..................................................................................................................... 84 
2. Preparation methods..................................................................................................... 85 
2.1 Synthesis of (NH4)3[TiO2F5] .............................................................................. 85 
2.2 Catalyst synthesis ............................................................................................... 85 
2.3 Preparation of anhydrous TBHP ........................................................................ 86 
3. Reactions ...................................................................................................................... 87 
3.1 Non-catalytic epoxidation reaction .................................................................... 87 
3.2 Epoxidation in presence of heterogeneous catalyst, Ti-SiO2 ............................ 87 
4. Distillation of the reaction mixture .............................................................................. 87 
  
5. Analytics ...................................................................................................................... 88 
5.1 Calculation of conversion, yield and selectivity ................................................ 88 
5.2 Analysis of reaction mixture .............................................................................. 89 
5.3 X-ray Powder Diffraction (XRD) ...................................................................... 91 
5.4 Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) ........... 92 
5.5 Thermo Gravimetric Analysis (TGA) ................................................................ 92 
5.6 Nitrogen Adsorption Isotherm Analysis (BET) ................................................. 92 
5.7 Fourier-transformed Infrared Spectroscopy (FT-IR) ......................................... 92 
5.8 Diffuse Reflectance UV/Vis spectroscopy (DR-UV) ........................................ 92 
5.9 Scanning Electron Microscope .......................................................................... 93 
References ............................................................................................................................... 94 
Appendix ............................................................................................................................... 100 
 
  
  
Figures 
Fig. 1 PVC demand share analysis by region ............................................................................ 3 
Fig. 2 Viscosity reduction effect by internal lubricants (left) and Release effect by external 
lubricants (right)......................................................................................................................... 4 
Fig. 3 Influence of flow speed by internal (a) and external (b) lubricants................................. 5 
Fig. 4 General structure of a triglyceride (R : fatty acid)........................................................... 7 
Fig. 5 Critical points of triglyceride: β-CH group and unsaturated fatty acid residues. .......... 10 
Fig. 6 Examples of double bond functionalisation of oleic acid methyl ester ......................... 11 
Fig. 7 Various examples of chemical compounds from epoxidized methyl oleate ................. 12 
Fig. 8 Epoxidation reaction of vegetable oils using the performic acid method
[7]
 .................. 13 
Fig. 9 Mechanism of epoxidation of an olefin with hydroperoxide over transition metal 
catalyst
[34]
 ................................................................................................................................. 14 
Fig. 10 Chemoenzymatic generation of the peroxycarboxylic acid and epoxidation        
of the fatty acid)
[26]
................................................................................................................... 15 
Fig. 11 Two zeolite structurs. MFI structure (right) and BEA structure (left)
[69][70]
 ............... 17 
Fig. 12 Mechanistic pathways for the formation of MCM-41: (1) liquid crystal phase  
initiated (2) silicate anion initiated
[84]
 ...................................................................................... 19 
Fig. 13 Grafting of a Ti complex on the surface of mesoporous MCM-41
[49][86]
 .................... 21 
Fig. 14 Initially proposed schematic of the active center for epoxidation ............................... 22 
Fig. 15 Catalytic active center (X = H or R) ............................................................................ 22 
Fig. 16 Mechanism of epoxidation on active intermediate, titanium peroxide ....................... 23 
Fig. 17 Stabilized titanium peroxide by water
[87]
..................................................................... 23 
Fig. 18 N2 adsorption isotherms for amorphous Ti-SiO2 catalysts (a) .................................... 25 
Fig. 19 UV/Vis spectra for amorphous Ti-SiO2 catalysts (a) .................................................. 27 
Fig. 20 FTIR spectra for amorphous Ti-SiO2 catalysts (a) ...................................................... 28 
Fig. 21 XRD patterns for amorphous Ti-SiO2 catalysts (a) ..................................................... 29 
Fig. 22 SEM image of the amorphous Ti-SiO2 catalyst particle (KKHK5a) .......................... 30 
Fig. 23 SEM image of the surface of KKHK5a ....................................................................... 30 
Fig. 27 TGA of an as-synthesized amorphous Ti-SiO2, KKHK5a .......................................... 32 
Fig. 24 N2 adsorption isotherms for amorphous Ti-SiO2 catalysts (b) .................................... 33 
Fig. 25 UV/Vis spectra for amorphous Ti-SiO2 catalysts (b) .................................................. 35 
Fig. 26 FT-IR spectra for amorphous Ti-SiO2 catalysts (b) ..................................................... 35 
Fig. 28 UV/Vis spectra for amorphous Ti-SiO2 catalysts with different molecular       
ratio of Ti and Si ((MoleTi/MoleSi)*100) ................................................................................. 37 
Fig. 29 XRD patterns for amorphous Ti-SiO2 catalysts, KKHK5a and KKHK5b .................. 38 
Fig. 30 SEM image of amorphous Ti-SiO2 catalyst, KKHK5a ............................................... 39 
Fig. 31 SEM image of amorphous Ti-SiO2 catalyst, KKHK5b ............................................... 40 
Fig. 32 SEM image of amorphous Ti-SiO2 catalyst, KKHK5a ............................................... 40 
Fig. 33 SEM image of amorphous Ti-SiO2 catalyst, KKHK5b ............................................... 41 
Fig. 34 UV/Vis spectra for amorphous Ti-SiO2 catalysts (KKHK5a, KKHK5b and  
KKHK5c) ................................................................................................................................. 42 
Fig. 35 FT-IR spectra for amorphous Ti-SiO2 catalysts (KKHK5a, KKHK5b and   
KKHK5c) ................................................................................................................................. 42 
Fig. 36 Non-catalytic epoxidation with peracetic acid ............................................................ 44 
Fig. 37 Non-catalytic epoxidation reaction of oleic acid in homogeneous system in         
a 4 L reactor ............................................................................................................................. 44 
Fig. 38 Epoxidation of methyl oleate over Ti-SiO2 ................................................................. 45 
Fig. 39 Experimental units for the reactions in autoclaves ...................................................... 45 
  
Fig. 40 Experimental units for the reactions in round-bottom flasks ...................................... 46 
Fig. 41 Epoxidation reactions using the catalysts prepared by different methods................... 47 
Fig. 42 Epoxidation reactions using the catalysts prepared with different silica sources........ 48 
Fig. 43 Epoxidation reactions at different temperature. .......................................................... 49 
Fig. 44 Epoxidation reactions in different solvents. ................................................................ 50 
Fig. 45 An alcohol (solvent) adsorbed on Ti-peroxide complex 
[100]
 ...................................... 51 
Fig. 46 Conversions of methyl oleate in the epoxidation reactions with different mole    
ratio of reactants ....................................................................................................................... 51 
Fig. 47 Yields of epoxide in the epoxidation reactions with different mole ratio of   
reactants. .................................................................................................................................. 52 
Fig. 48 Conversions of methyl oleate in the epoxidation reactions with different stirrer  
speed. ....................................................................................................................................... 53 
Fig. 49 Yields of methyl oleate in the epoxidation reactions with different stirrer speed. ...... 54 
Fig. 50 Molecular simulation of oleic acid methyl ester ......................................................... 55 
Fig. 51 Effect of agitation speed on the initial reaction rate. ................................................... 55 
Fig. 52 Epoxidation reactions with different catalyst loading. ................................................ 56 
Fig. 53 Calculated yield of epoxide per unit BET surface area of catalyst, KKHK5a ............ 57 
Fig. 54  4 L batch reactor for epoxidation reaction ................................................................ 57 
Fig. 55 Epoxidation reaction of methyl oleate in 50 ml round-bottom flask. .......................... 58 
Fig. 56 Epoxidation reaction of high purity methyl oleate in 4 L reactor ............................... 59 
Fig. 57 Epoxidation reaction of high purity methyl oleate in 4 L reactor ............................... 59 
Fig. 58 Effect of reaction temperature on the conversion of methyl oleate ............................. 62 
Fig. 59 Effect of reaction temperature on the yield of methyl oleate. ..................................... 62 
Fig. 60 Corresponding Arrhenius plot ..................................................................................... 63 
Fig. 61 Epoxidation reactions using amorphous Ti-SiO2 catalyst, KKHK5b (b). ................... 66 
Fig. 62 Epoxidation reactions using the catalysts (b) prepared with different silica    
sources...................................................................................................................................... 67 
Fig. 63 Epoxidation reactions using the catalysts (b) prepared with different molar      
ratio of Ti and Si. ..................................................................................................................... 69 
Fig. 64 Epoxidation reaction in 4 L reactor using KKHK5b as the catalyst. .......................... 70 
Fig. 65 The reaction mixture after 24 hours epoxidation reaction of methyl oleate using 
KKHK5a (right) and KKHK5b (left) ....................................................................................... 70 
Fig. 66 Epoxidation of oleic acid with TBHP over Ti-SiO2 catalyst ....................................... 71 
Fig. 67 Epoxidation of oleic acid using KKHK5a catalyst at different temperatures. ............ 72 
Fig. 68 Epoxidation of oleic acid using KKHK5a catalyst in different solvent. ..................... 73 
Fig. 69 Epoxidation of oleic acid using catalysts prepared with different silica sources. ....... 74 
Fig. 70 Epoxidation of oleic acid using KKHK5a with different catalyst loading. ................. 75 
Fig. 71 Epoxidation of oleic acid using KKHK3a for 30 hours. ............................................. 76 
Fig. 72 Epoxidation of oleic acid using KKHK5b at different temperatures .......................... 77 
Fig. 73 Leaching test of KKHK5a in the epoxidation of methyl oleate.. ................................ 78 
Fig. 74 Reusability test of KKHK5a for the epoxidation of methyl oleate. ............................ 79 
Fig. 75 Experimental set-up for distillation ............................................................................. 80 
Fig. 76 Provided chemicals by the methylation of the reaction mixture of the     
epoxidation of oleic acid. ......................................................................................................... 89 
Fig. 77 GC calibration of MO .................................................................................................. 90 
Fig. 78 GC calibration of epoxide............................................................................................ 90 
 
  
Tables 
Table 1. Comparison of chemical and physical properties of vegetable oil and        
mineral oil .................................................................................................................................. 6 
Table 2. Representative fatty acids ............................................................................................ 8 
Table 3. Distribution of fatty acids in commercially significant fats ........................................ 9 
Table 4 Comparison of the relative reaction rate of TS-1 and Ti-β in epoxidation          
of alkenes using hydrogen peroxide based on the literatures .................................................. 18 
Table 5 BET surface area and pore size of catalysts and elemental analysis (a) ..................... 25 
Table 7 BET surface area after each step of catalyst preparation of KKHK5a ....................... 31 
Table 8 BET surface area of catalysts calcined at different temperature ................................ 32 
Table 6 BET surface area and pore size of catalysts and elemental analysis (b) ..................... 34 
Table 9 BET surface area and pore size of catalysts and elemental analysis (a, b, c) ............. 38 
Table 10 Kinetic Parameters .................................................................................................... 61 
Table 11 Measured activation energies of epoxidation processes ........................................... 64 
Table 12 Mass of methyl oleate and epoxide in the mixture measured by GC analysis ......... 81 
Table 13 Calculated wt% of initial amount of methyl oleate and epoxide in the mixture ...... 81 
Table 14 GC-method for the reaction mixture (Epoxidation of methyl oleate             
or oleic acid) ............................................................................................................................ 89 
Table 15 Retention times of substances on GC result and calculated correction factors ........ 91 
1 
 
A. Introduction and Aim of the work 
 
The past centrury has shown that polyvinyl chloride (PVC) is the world’s second largest 
volume and most versatile plastic. The world demand of PVC is expected to grow on an even 
faster speed in the coming years 2020. The demand of PVC is highest in Asia, especially in 
China because more than 50 % of PVC are used in construction application. However, PVC 
resin has poor heat stability and high coefficient of friction at the temperature of processing. 
Due to these features of PVC, a wide variety of chemical additives, like stablizers and 
lubricants have been developed
 [1][2]
. 
The development of lubricants is traditionally based on mineral oil which is a fossil raw 
material. Therefore, lubricants produced from mineral oil have well-established, good 
technical perfomance and are lower cost comparing others, so commonly used
[3]
. They 
consist mainly of hydrocarbons but also contain some sulfur and nitrogen compounds with 
very small mounts of a number of metals
[4]
. Due to the increasing of environmental issues 
like waste disposal problems, non-biodegradable resources, green house effect, etc. and also 
the reduction of petroleum oil resources, renewable oils from vegetable origin have become 
an important issue
[5]
 since many evidences prove that the substitution of renewable resources 
for petrochemical feedstocks can be a sustainable development. Now a days, the lubricants 
from renewable-harvestable resources are a successful reality in many parts in the world.  
In general, vegetable oils have many advantages such as high flash point, high viscosity index, 
high lubricity and low evaporative loss besides eco-compatible, renewability and non-toxicity. 
But there are still some limitations that industries have not been able to overcome, such as 
low resistance to oxidative degradation at high temperature and poor low temperature 
properties
[6]
. The reasons for the instability of vegetable oils are the structural unsaturation in 
the fatty acid part and the “β-CH group” of the alcoholic components[7]. A lot of technical 
solutions such as chemical modification and additivation have been suggested to overcome 
these limitations. For the chemical modification on the industrial level, reactions on the 
unsaturation are in the second place (less than 10 %) after the reactions on carboxylic/ester 
groups (more than 90%)
[8]
. However, industrial and academic research in oleochemistry 
concentrate more on the former, on the hydrocarbon chain of fatty acids, especially on the 
carbon-carbon double bond of the unsaturated fatty acids and the major reactions on the 
unsaturation applied in industry are hydrogenation and epoxidation. Other reactions with a 
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lower industrial use are isomerization, hydroxylation, oxidative cleavage, metathesis, radical 
additions, etc.  
Epoxidation of the double bond is an interesting reaction because it opens up a wide variety 
of reactions that can be carried out under mild conditions. The formed epoxide is an 
intermediate that can be converted to a variety of products by the addition of nucleophiles to 
form lubricants because of high reactivity of the oxirane ring and the physical and chemical 
properties can be changed depending upon the kind of nucleophiles are added. For example,  
alkoxy alcohol, hydroxy ester, amino alcohol, hydroxynitrile, etc. can be produced by 
reaction of epoxide with different nucleophiles
[9]
. In industry, the epoxidation of plant oils 
has been already carried out homogeneously with a percarboxylic acid, such as peracetic acid 
and performic acid, obtained by oxidation with hydrogen peroxide, using mineral acid, like 
sulfuric acid, as catalyst
[10]
. However, there are several drawbacks in the process: (i) high 
selectivity of epoxidation is not achieved due to acid-catalysed oxirane ring opening reaction; 
(ii) the separation of acidic by-products is difficult; (iii) the handling of concentrated 
hydrogen peroxide and strong acids is dangerous and causes corrosion problems and 
additionally, they are environmentaly harmful
[11]
. Thus, recently, a lot of interests of 
academia researchers and chemical companies have been made on the catalytic processes in 
order to overcome these disadvantages. Even though many investigations in this field have 
been carried out already, there are still many possibilities in developing higher efficiency and 
economical benefit and new ways for environmentally friendly reactions. 
The aim of this thesis is to investigate the heterogeneously catalyzed epoxidation of vegetable 
oils, like oleic acid methyl ester and oleic acid, in a batch-reactor. The scope of this work 
includes the preparation and analysis of amorphous Ti-SiO2 catalysts using different silica 
sources and different methods. Furthermore, scaling-up of the reaction was carried out and 
the efficiency was compared with that in small scale one. Additionally, the separation of 
product from the reaction mixture by distillation was briefly tested in order to see the 
possibility of the re-cycling process.    
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B. Background and Literature survey 
 
1. PVC with lubricants as additives 
 
Polyvinyl chloride (PVC) is one of the oldest and most common plastics in use because of the 
several facts: the low cost, durability, property modification, etc.
[12]
  
In 2003, the demend for PVC was about 28 million tons in the world and 300,000 tons of 
PVC lubricants were estimated to be used. From these numbers, 175,000 tons of PVC 
lubricants were hydrocarbon waxes and 125,000 tons were metallic and nonmetallic 
derivatives produced from natural fats and oils
[1]
. 
In 2009, the global PVC demand was reached to around 31 million tons. It is expected to 
grow yearly 6.9 % and reach around 64.3 million tons in 2020
[2]
. The demeand for PVC is 
highest in Asia because China is the majority consumer of PVC in the world. Estimated 
demand of PVC in Asia was 16.7 million tons in 2009. The second largest consumer of PVC 
in the world was Europe. They consumed 6.1 million tons in the year 2009. The global PVC 
demand is shown on Figure 1
[2]
. 
 
 
Fig. 1 PVC demand share analysis by region, %, 2009 
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In the industrial PVC processing, lubricants as additives are absolutely necessary because the 
PVC is more sticky with the increasing of temperature and it results fusion, gelation and 
glueing of melted PVC on the metal of the processing equipment
[1]
. Although only 0.5 % or 
less are required in plasticized PVC, while about 1 % (some cases may need up to 4 %) 
lubricants are added in rigid PVC to improve its processability
[13]
, total amount of lubricants 
consumed in the world is extremely high when the global PVC demand is considered. 
 
The quality characteristics and the processability of PVC during extrusion and other 
processing operations can be controled by using lubricants
[14]
. In general, PVC lubricants are 
classified as either internal or external, based on how it affects processability in the 
process
[13]
, although E. B. Rabinovitch et al. claimed that the classification is misleading but 
the optimum lubrication system for a PVC compound can be chosen only by understanding 
the fundamental lubrication mechanism based on the chemical structure and by laboratory 
tests
[15]
.          
There are many factors by which the classification of lubricants can be characterized 
basically depending on their compatibility with PVC particles. Some of the representative 
effects by different types of lubricants in process are described below.  
Firstly, the actions of the lubricants are different. Many lubricant molecules have a non-polar 
tail and polar head with different attractions on each end. While internal lubricants, polar-
headed waxes such as fatty alcohols, fatty acids, and fatty acid esters, have good 
compatibility in PVC and they coat or penetrate into the PVC particles resulting in the 
reduction of friction between particles and the viscosity reduction, external lubricants form 
lubricating film between PVC melt and a metal surface of extrusion equipment and reduce 
the friction between them. Figure 2 decribes these effects in simple
[1][13][14]
. 
 
  
Fig. 2 Viscosity reduction effect by internal lubricants (left) and Release effect by external lubricants (right) 
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Because of the effects above, the flow behavior of PVC melt in the extruder is influenced. 
While flow rate increases in a pipe from zero at the wall to a maximum in center by internal 
lubricant, external lubricants form lubricating film between the wall and particles, resulting in 
the plug flow pattern. Figure 3 describes this phenomenon
[13]
. 
 
 
Fig. 3 Influence of flow speed by internal (a) and external (b) lubricants 
 
 
However, most of the lubricants cannot be classified exactly in one or another group. The 
effects of lubricant in actual process normally overlap and depend on the concentration. For 
example, the internal lubricants are soluble in PVC solution. However, there is a limit of 
solubility and the undissolved parts can act as an external lubricant
[13][14]
.  
 
The classifications, internal and external, of the lubricants are by their effects on operation 
process. Lubricants can also be categorized by their sources: mineral oil based lubricants and 
bio-lubricants in general.  
The mineral oils (petroleum oils) are produced from refining crude oils
[16]
. There are several 
types of mineral oil based lubricants depending up on the degree of saturation, manufacturing 
method, viscosity index, compositions, etc. 
The biolubricants are subdivided to animal lubricants and vegetable lubricants. Animal 
lubricants are produced from animal fat and mainly used for manufacturing grease while 
vegetable lubricants are normally based on several vegetable oils like soybean oil, rape seed 
oil, castor oil, etc. Because of the several reasons, such as economical, renewable, non-
noxious, and especially environmental issues, there is a global trend to replace mineral oil 
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with vegetable oil
[17]
. There are many different features between mineral oils and vegetable 
oil. The comparison of these oil-properties is shown on Table 1
[18]
. 
 
Table 1. Comparison of chemical and physical properties of vegetable oil and mineral oil 
Properties Mineral oil Vegetable oil 
Density at 20 °C, kg/L 0.880 0.940 
Viscosity index 100 100 to 200 
Shear stability Good Good 
Pour point °C -15 -20 to +10 
Cold flow properties Good Poor 
Miscibility with mineral oil - Good 
Solubility in water Not soluble Not soluble 
Biodegradability % 10 to 35 70 to 100 
Oxidation stability Good Fair 
Hydrolytic stability Good Poor 
Costs 1 2 to 3 
  
Since the first use of biodegradable lubricants was introduced in the 1980s
[19]
, there has been 
a lot of research and a strong growth in the area of biodegradable lubricants.  
 
2. Vegetable oils 
 
Vegetable oils are part of a larger family of chemical compounds known as fats and lipids. 
They are made up of triesters of glycerol with fatty acids and these are commonly called 
triglycerides. Fats of all types have been used in many fields, such as foods, fuels, lubricants 
and raw materials for other chemicals due to their unique chemical structures and physical 
properties
[20]
. The generalized triglyceride is shown on Figure 4. Many naturally occurring 
fats are used for the production of fatty acids with chain length larger than 12 carbon atoms. 
The vast majority of vegetable and animal fats consists of fatty acid molecules of more than 
16 carbon atoms. Therefore, most of the chemical and physical properties of fats result from 
the effect of the various fatty acids because the portion of fatty acid in triglycerides is much 
larger (about 90%) than that of glycerol
[20]
. Larger chain lengths increase viscosity and 
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melting point, while a higher number of double bonds leads towards an opposite effect. 
Unsaturation of the fatty acids shows significant sensitivity against oxidation. 
Monounsaturated fatty acids (such as oleic acid) have relatively better properties with respect 
to oxidation stability and lubrication
[21].  
 
 
Fig. 4 General structure of a triglyceride (R : fatty acid) 
 
 
 
The number of triglycerides in natural fats is a function of the number of fatty acids present. 
For example, many plant seed fats have the potential to provide 125-1,000 different 
triglycerides
[22]
 and ca. 900 vegetable and 500 animal fats have been analyzed. Table 2 lists 
fatty acids in fats with their principal natural sources and technical designations
[20]
. The 
distribution of fatty acids in commercially significant fats is listed in Table 3
[20][61][62][63]
. 
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Table 2. Representative fatty acids 
Fatty acids Common name 
(designation)
a
 
Source 
Butanoic Butyric (4 : 0) Butter 
Hexanoic Caproic (6 : 0) Butter 
Octanoic Caprylic (8 : 0) Coconut 
Decanoic Capric (10 : 0) Coconut 
Dodecanoic Lauric (12 : 0) Coconut, palm kernel 
Tetradecanoic Myristic (14 : 0) Coconut, parm kernel, butter 
Hexadecanoic Palmitic (16 : 0) Palm, cotton, butter, animal 
and arine fat 
cis-9-hexadecanoic Palmitoleic (16 : 1) Butter, animal fat 
Octadecanoic Stearic (18 : 0) Butter, animal fat 
cis-9-octadecanoic Oleic (18 : 1) Olive, tall, peanut, canbra, 
butter, animal and marine fat 
cis,cis-9,12-octadecanoic Linoleic (18 : 2 9c, 12c) Safflower, sunflower, corn, 
soy, cotton 
cis,cis,cis-9,12,15-
octadecanoic 
Linolenic (18 : 3 9c, 12c, 
15c) 
Linseed 
cis,cis,cis,cis-6,9,12,15-
octadecatetraenoic 
(18 : 4 6c, 9c, 12c, 15c) Marine fat 
cis,trans,trans-9,11,13-
octadecatrienoic 
a-oleostearic (18 : 3 9c, 11t, 
13t) 
Tung 
12-hydroxy-cis-9-
octadecenoic 
Ricinolenic (18 : 1 9c, 12-
OH) 
Castor 
cis-9-eicosenoic Gadoleic (20 : 1 9c) (20 : 1 
11c) 
Marine fat 
cis-11-eicosenoic Arachidonic Rapeseed 
all cis-5,8,11,14-
eicosatetranoic 
(20 : 4 5c, 8c, 11c, 14c) Animal, marine fats 
all cis-5,8,11,14,17-
eicosapentaenoic 
(20 : 5 5c, 8c, 11c, 14c, 17c) Marine fat 
Docosanoic Behenic (22 : 0)  
cis-11-docosenoic Cetoleic (22 : 1 11c) Marine fat 
cis-13-docosenoic Erocic (22 : 1 13c) Rapeseed 
a
 number of carbon atoms : number of unsaturation 
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Table 3. Distribution of fatty acids in commercially significant fats 
Fat Fatty acid composition (wt%) Other acids 
(wt%) 12 : 0
a
 14 : 0 16 : 0 18 : 0 18 : 1 18 : 2 18 : 3 
castor   0.8-1.1 0.7-1.0 2.0-3.3 4.1-4.7 0.5-0.7 Ricinolenic 
(89).  
20:1 (0.5) 
coconut 44-51 13-18.5 7.5-
10.5 
1-3 5-8.2 1-2.6  8:0 (7.8-
9.5), 10:0 
(4.5-9.7) 
corn   7 3 43 39   
cottonseed  1.5 22 5 19 50   
linseed   6 4 13-37 5-23 26-58  
mustard   3 1 23 9 10 20:1 (8),  
22:1 (43), 
other (3) 
olive  1.3 7-16 1.4-3.3 64-84 4-15   
palm  0.6-2.4 32-45 4-6.3 38-53 6-12   
palm kernel 47-52 14-17.5 6.5-8.8 1-2.5 10-18 0.7-1.3  8:0 (2.7-
4.3), 10:0 
(3-7) 
groundnut  0.5 6-11.4 3-6 42.3-61 13-33.5  20:0 (1.5), 
20:1 (1-1.5), 
22:0 (3-3.5) 
rapeseed  
regular 
 1.5 1-4.7 1-3.5 13-38 9.5-22 1-10 22:1 erucic 
(40-64) 
safflower 
regular 
  4-8 4-8 74-79 11-19   
sesame   7.2-7.7 7.2-7.7 35-46 35-48   
soybean   2.3-
10.6 
2.4-6 23.5-31 49-51.5 2-10.5  
sunflower   3.5-6.5 1.3-3 14-43 44-68   
Keranja  
(Pongamia) 
  11-12 7-8 51-52 16-17  20:1 (1-2), 
22:0 (4-5), 
24:0 (1-2) 
a
 number of carbon atoms : number of unsaturation 
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Although the natural triglycerides are rapidly biodegradable and are effective lubricants, there 
are still some limitations such as thermal, oxidation and hydrolytic instability. The reason for 
the limitations of vegetable oils is their chemical structure: double bonds in the fatty acids 
part and the β-CH group of the alcoholic components. The weak parts of a triglyceride are 
shown on Figure 5
[7]
. The double bonds in the fatty acids can react with atmospheric oxygen 
(autooxidation) leading to the decomposition of the fat molecule. This is the reason for the 
aging tendency of the unsaturated fatty acids. The β-hydrogen atom is easily removed from 
the molecular structure at elevated temperature and this leads to break down the ester to acid 
and olefin. A further weakness of the esters is their tendency to be hydrolyzed in the presence 
of water.  
The improvement of these negative features can be achieved by chemical modifications. The 
chemically unstable β-CH group can be eliminated by the transesterification and the double 
bonds are functionalized by various pathways, such as epoxidation, hydrogenation, etc. 
Figure 6 shows the several pathways of double bond functionalization
[23]
.  
 
 
 
Fig. 5 Critical points of triglyceride: β-CH group and unsaturated fatty acid residues. 
 
 
Based on the consideration of the most desired fatty acids, the new oil crops have been 
created by application of biotechnology and genetic engineering. This allows that the yield of 
oil can be increased and the composition of the fatty acids in the oil is improved
[24]
. For 
example, high-oleic sunflower contains about 85 % of oleic acid, while normal sunflower 
contains 28 % of oleic acid
[9]
. Furthermore, oleic acid methyl ester or oleic acids are obtained 
by transesterification with methanol or hydrolysis of the oil
[23]
. 
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Fig. 6 Examples of double bond functionalisation of oleic acid methyl ester 
 
 
 
 
3. Epoxidation of vegetable oils 
 
Epoxides, known as oxiranes, are cyclic ethers with a reactive three-membered ring. 
Epoxides are important intermediates in the synthesis of various chemical compounds by the 
ring opening reaction which can be initiated by either nucleophiles or electrophiles, or 
catalyzed by either acids or bases. There are a wide variety of epoxide transformations, such 
as hydrogenation, rearrangement to the ketone etc. Some examples of interesting 
oleochemical products from epoxide are presented on Figure 7
[23]
.  
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Fig. 7 Various examples of chemical compounds from epoxidized methyl oleate 
 
 
Epoxidation is one of the most important double bond addition reactions. In the case of 
unsaturated fatty acid esters, it is often performed in situ using the performic acid method 
which is already industrially performed in a large scale (Figure 8)
[25]
. However, soluble 
mineral acids (such as sulfuric acid) are essential for this process and these acidic 
components lead to several drawbacks: 1) side reactions because of acid-catalyzed epoxide 
ring opening; 2) separation of acidic by-products is difficult; 3) abundant neutralized salts 
which have to be disposed are produced; 4) corrosion problems due to the strong acids in the 
process. For these reasons, selectivity to the desired products hardly exceeds 80 % in 
industrial plants. Additionally, the process does not fit to the green chemistry but also is 
dangerous to handle and generating a lot of wastes
[26]
. Due to those disadvantages, several 
recent results have shown the way to large scale of new catalysis-based sustainable processes 
to be applied to the epoxidation of unsaturated fatty acid derivatives.  
In this chapter, the research and the results of epoxidation reactions using different types of 
catalysts are explained, especially titanium-based catalysts in heterogeneous systems in more 
detail.    
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Fig. 8 Epoxidation reaction of vegetable oils using the performic acid method
[7]
 
 
 
3.1 Homogeneous catalytic systems 
 
Although there is abundant research on the homogeneous epoxidation system, there are two 
most notable homogeneous systems reported so far, based on tungsten and rhenium
[26]
.  
I.V. Kozhevnikov et al. carried out epoxidation of oleic acid (OA) in a two-phase system 
without solvent, OA and aqueous hydrogen peroxide with peroxo phosphotungstate 
{PO4[WO(O2)2]4}
3- 
as a catalyst. 95 % of conversion and 89 % of selectivity were obtained 
from the reaction at 60 °C for 50 minutes
[27]
. E. Poli et al. also used a tungsten based phase 
transfer catalyst to perform epoxidation of methyl oleate with both hydrogen peroxide and 
oxygen as oxidizing agents. Almost complete and selective epoxidation results were 
obtained
[28]
. Likewise, methyltrioxorhenium (CH3ReO3) is a widely investigated 
homogeneous catalyst for epoxidation. For example, 100 % of conversion of soybean oil and 
95 % of epoxide selectivity were obtained in the epoxidation of soybean oil with 
methyltrioxorhenium (MTO)-CH2Cl2/H2O2 system for 2 hours of reaction
[29]
. W. A. 
Herrmann et al. carried out the epoxidation of several olefins, such as cyclohexene, 1-hexene, 
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1-decene, etc., with MTO and 90 % and 99 % of epoxide yield from cyclohexene and 
cyclooctene respectively were obtained
[30]
. However, one of the main drawbacks of 
CH3ReO3-based reactions is the use of nitrogen containing bases in the reaction mixture in 
order to avoid ring-opening reaction. This lowers the eco-sustainability of a large-scale 
process
[26]
. The sodium tetraperoxo niobate, Na3[Nb(O2)4]·13H2O was also tested as a 
catalyst in epoxidation of cyclohexene by L. C. Passoni et al. It showed moderate catalytic 
activity but fairly good selectivity in the reaction with 30 % aqueous H2O2 in homogeneous 
solution
[31]
. There are also other homogeneous catalytic systems based on titanium, vanadium 
or molybdenum. In such systems, the organic hydroperoxides are used as oxidizing agents 
which are obtained by autooxidation of the branched alkanes with oxygen molecule. For 
instance, T. A. Foglia et al. carried out the epoxidation of methyl ricinoleate using TBHP as 
oxidizing agent, coupled with a titanium catalyst and a D-tartrate ligand and complete 
conversion and yield of 49 % epoxialcohol and 33 % ketoepoxide were obtained
[32]
. Similarly, 
the epoxidation of oleic acid with TBHP using a molybdenum complex as a catalyst showed 
87 % selectivity to 9, 10-epoxystearic acid at 67 % conversion
[33]
. M. Farias et al. also carried 
out the epoxidation of soybean oil using molybdenum (VI) complex and 94.1 % conversion 
and 41.4 % selectivity were obtained. They described the epoxidation mechanism of an olefin 
by reaction with hydroperoxide in the presence of a transition metal catalyst
[34]
(Figure 9). 
However, the difficulty of the catalyst separation from the reaction mixture was still remained 
as a disadvantage in these systems.   
 
 
Fig. 9 Mechanism of epoxidation of an olefin with hydroperoxide over transition metal catalyst
[34]
 
 
 
3.2 Chemoenzymatic epoxidation system 
 
Chemoenzymatic epoxidation gained much interest because it does not show any undesired 
ring opening of the epoxide. Normally, the reaction mechanism is in two steps: first, the 
unsaturated fatty acid or ester is converted into an unsaturated peroxycarboxylic acid by the 
reaction of the enzyme with hydrogen peroxide. Then, it is epoxidized by an intermolecular 
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pathway without the participation of the enzyme (Figure 10)
[26]
. In this reaction, both 
carboxyl group and the unsaturation are in the same molecule. 
C. Orellana-Coca et al. carried out the chemoezymatic epoxidation of oleic acid and its 
methyl ester using hydrogen peroxide and immobilized lipase from Candida antartica 
(Novozym
®
 435) under solvent-free conditions. Nearly 90 % conversion of oleic acid to the 
epoxide product and almost complete epoxidation from methyl oleate were obtained. 
However, the activity of the enzyme was drastically reduced after the sixth application
[35]
. 
Epoxidation reactions of several fatty acids and fatty methyl esters with tert-butyl 
hydroperoxide as oxidant using a peroxygenase enzyme from oat seeds were also performed. 
This enzyme exhibited specificity for epoxidation, producing no other products without the 
occurring of the oxirane ring opening. Interestingly, ca. 99.8 % of epoxide yield from oleic 
acid and 93.9 % of the yield from methyl oleate were obtained. Nevertheless, the selectivity 
of formation of three epoxides in linolenic acid, methyl linolenate and epoxidation of 
terminal double bonds in the alkenes were low, thus very little product was formed
[36]
. 
Moreover, T. Vlcek et al. added that the rate of epoxidation of soybean oil was greatly 
influenced by the concentration of lipase biocatalyst and their catalytic efficiency reduced 
sharply with the loading of catalyst less than 4.0 wt% of the oil
[37]
. 
The immobilized enzymes can be easily separated by filtration and they are re-usable at least 
several times without loss of activity. However, as the disadvantage of such a system, the 
enzyme is very sensitive to the kind of substrate applied and thus it can be unsuitable and less 
versatile for some particular oleochemical applications
[26]
. 
 
 
Fig. 10 Chemoenzymatic generation of the peroxycarboxylic acid and epoxidation of the fatty acid)
[26]
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3.3 Heterogeneous catalytic systems 
 
Over the last decade, there has been a marked trend to develop more environmentally friendly 
and cost efficient routes of epoxidation processes
[26][38]
. In this manner, the use of 
heterogeneous catalysts is one of the most attractive choices. The ideal catalyst for the 
process is not only excellent performance in the reaction but also: 1) stable, robust and re-
usable, 2) cheap and easy to prepare, 3) versatile, or as to be used for many kinds of 
substrates, 4) environmentally friendly, etc. Typically, the catalyst used in the epoxidation is 
metal-catalysed material
[64]
. Metals having low oxidation potentials, but high Lewis acidity in 
their highest oxidation states are identified as superior catalysts, showing the following order 
of activity: Mo > W > Ti, V
[48]
.  
The first example of material for the efficient heterogeneous catalysts was molybdenum. Y. 
Itoi et al. carried out the epoxidation reactions of oleate, erucate and linoleate with hydrogen 
peroxide as the oxidant over a molybdenum oxide-tributyltin chloride on charcoal catalyst at 
50 °C. 76, 77 and 56 % of yields were obtained respectively with in 15 h reaction time
[39]
. In 
contrast, various methyl esters, such as oleate, elaidate, petroselinate, erucate and ricinoleate 
were epoxidized with TBHP or cumylhydroperoxide (CHP) as oxidants using a commercial 
MoO3-Al2O3 catalyst. Both yield and selectivity of epoxides higher than 95 % were obtained 
at 115 °C. However, the epoxidation of methyl linoleate under the same conditions exhibited 
the different behavior and the results were more complex. The yields of diepoxy esters 
between 65 – 76.2 % were obtained but twice amount of hydroperoxide was added for 
completing the conversion. However, there were no tests of metal leaching and re-usability of 
the catalyst
[40][41]
. According to the experience in our research group, Mo has the tendency to 
leach and fast deactivation of the catalyst occurs. 
More recently, epoxidation reactions of soybean oils, such as oleic, linoleic, and linolenic 
acids and their methyl esters with urea-hydrogen peroxide using methyltrioxorhenium (VII) 
supported on niobia (MTO-Nb2O5) as catalyst were investigated. Surprisingly, the yields 
were very high even without any solvent; 100 % in the case of oleic acid and methyl oleate at 
50 °C, 100 % for linoleic acid and 95 % for linolenic ester of yields were the results obtained 
during very short reaction time (10 – 120 min). However, in these experiments, a high excess 
amount of oxidant (about 4 mol/mol = oxidant/substrate) was used
[42]
. Ming Li et al. did the 
kinetic study of same reactions using MTO-Nb2O5 and concluded that the relative reaction 
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rate increases with the number of electron-rich groups on the double bond and cis-olefins 
show faster reaction rates than trans-olefins
[43]
.  
As far as porous solids are concerned, many micro and mesoporous matrials were applied.  
TS-1 was one of the most widely studied materials. The first synthesis of the titanosilicate 
was achieved in 1983, and its catalytic activity in oxidation with hydrogen peroxide led to 
fast progress of investigation on heterogeneous catalytic epoxidation. Because of its 
economical and ecological attractions, a wide range of investigations were performed for 
many types of chemical production
[65][66][67]
. TS-1 is a zeolite having the MFI structure 
(Figure 11) and contains 10-member ring pores. Tetrahedrally coordinated Ti(IV) is 
incorporated in the zeolite framework with a hydrophobic and acid-free defined 
environment
[47][68]
.  
 
 
Fig. 11 Two zeolite structurs. MFI structure (right) and BEA structure (left)
[69][70]
 
 
As reported by Clerici et al., TS-1 was very active in the epoxidation of propylene with 
hydrogen peroxide and the results were best in reactions carried out in the methanol/water 
solution
[57][71]
. 95 % conversion of H2O2 and higher than 90 % of propylene oxide (PO) 
selectivity were obtained from the batch reaction at 40 °C for 1 h reaction time. B. Notari et 
al. also reported the excellent activity of the TS-1. PO selectivity higher than 98 % with H2O2 
conversions exceeding 99 % in methanol with 1 wt% catalyst was presented
[72]
. However, 
TS-1 exhibited the shape selectivity effect due to its 5.5 Å  pore diameter and thus the 
reactants larger than the size of the pores are excluded. On the other hand, it is an active 
catalyst for the epoxidation of linear olefins, but most likely inactive for the epoxidation of 
cyclohexene and the larger molecules
[115]
. This limitation has initiated the synthesis of other 
microporous and mesoporous materials having oxidation abilities.  
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For example, Ti-β (BEA Structure of framework) (Figure 11), which has a pore diameter up 
to 7.6 Å , is able to accommodate cyclohexene and its corresponding transition state for the 
epoxidation, and oxidizes cyclohexene and 1-hexene at comparable rates
[74][73]
, in contrast to 
TS-1 which is inactive for the former
[72]
. The comparison of the relative activity of TS-1 and 
Ti-β in epoxidation of alkenes using hydrogen peroxide as an oxidant is presented on the 
Table 4
[70]
. It clearly indicates that when cyclic hydrocarbons are used as substrates, the 
reaction rate on Ti-β is much higher than that of TS-1, although the relative reaction rates 
over Ti-β are lower than TS-1 when non-cyclic alkenes are applied as substrate. 
J. C. van der Waal et al. carried out several epoxidation experiments with Ti-β in different 
solvents. It was obviously found that Ti-β was an excellent catalyst in the epoxidation of 
bulky olefins, such as norbornene, limonene and α-terpineol[51]. The acidic properties were 
dominated when alcoholic solvents were used
[75]
 and similar results were observed by Saxton 
et al.
[76] 
and Corma et al.
[77] 
In the study, Ti-β shows considerable activity for the consecutive 
reactions in the epoxidation of olefins when pure alcohols were used as the solvent. This was 
thought to be due to the acidity originated from an adsorbed alcohol on the catalytic active 
titanium site. When the mixtures of acetonitrile and an alcohol are applied as the solvent, the 
activity of Ti-β shows a clear maximum, which is independent of the types of alcohol. The 
differences in activity observed for pure alcohols were based on their polarity which causes 
adsorption. The higher the amount of solvent adsorbed, the lower the activity. Therefore, high 
selectivity in the presence of acetonitrile which has slightly basic nature was possibly due to 
the neutralized environment by acetonitrile
[51]
.   
 
Table 4 Comparison of the relative reaction rate of TS-1 and Ti-β in epoxidation of alkenes using hydrogen 
peroxide based on the literatures 
Substrate Relative reactions rate Reference 
TS-1 Ti- β 
1-hexene 1 0.83 [78] 
Cyclohexene 1 80.0 [79] 
Norborane 1 71.6 [65] 
1-decene 1 0.42 [78] 
1-dodecene 1 0.79 [78] 
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A wide variety of more open structures has been synthesized which have pore size up to ca. 
70 Å . One of the representative mesoporous materials studied for epoxidation is Ti-MCM-41 
and amorphous Ti-SiO2.  
MCM-41 is a structurally high ordered mesoporous material with well defined pore size in 
the range of ca. 20 – 100 Å  and a surface area up to 1000 – 1500 m2/g[80], while Ti-SiO2 is a 
mesoporous catalyst (pore diameter about 13 nm) with a non-ordered pore system and with 
an intermediate specific surface area depending on its supported silica source
[26]
. The MCM-
41 material is made up of an amorphous SiO2 structure organized in cylindrical pores which 
is a hexagonal symmetry
[81]
 (Figure 12). Normally, the titanium active sites of the titanium-
silica catalysts are depicted almost same, but it was reported that the surface properties of the 
catalysts are somehow different. For instance, the surface of TS-1 is more hydrophobic than 
that of Ti-MCM-41
[82][83]
. This is one of the reasons that TBHP is typically used as the 
oxidant in the epoxidation reaction with Ti-MCM-41 rather than H2O2. 
 
 
Fig. 12 Mechanistic pathways for the formation of MCM-41: (1) liquid crystal phase initiated (2) silicate anion 
initiated
[84]
 
 
A. Corma et al. reported the application of large pore zeolites and mesoporous materials 
containing Ti in the framework, such as titanium-containing beta zeolite (Ti-β), Ti-MCM-41 
for the selective epoxidation of unsaturated fatty acids using organic and inorganic peroxides. 
And the role of hydrophobic-hydrophilic properties of the zeolite was tested. The 
epoxidations of methyl oleate with H2O2 or TBHP using Ti-β and Ti-MCM-41 were carried 
out. Using hydrogen peroxide, the MO conversion of 45.3 % and epoxide selectivity of 97.2 % 
were obtained over Ti-β yielding better results than over Ti-MCM-41. Conversely, with 
TBHP, higher conversion and selectivity were obtained over Ti-MCM-41 (64.6 % conversion 
20 
 
and 91.1 % selectivity). Additionally, that the higher hydrophility of Ti-MCM-41 has a 
detrimental effect because it decreased the adsorption of the organic substrate was reported
[44]
.  
M. Guidotti et al. carried out the epoxidation of fatty acid methyl esters (FAME) obtained 
from high oleic sunflower oil using different titanium-grafted silicates with different 
morphological features. For the preparation of titanium-grafted silicas, titanium active centers 
were added onto the siliceous support by grafting titanocene dichloride precursors in the 
presence of triethylamine (Figure 13). In this report, the activities of Ti-MCM-41 and non-
ordered Ti-SiO2 were compared and the different reactivities of methyl oleate and methyl 
elaidate by steric effect were also reported. As the result, Ti-MCM-41 displayed very high 
activity and selectivity (98 % conversion and 85 % selectivity) in the epoxidation of a 
mixture of high-oleic sunflower oil methyl esters. And interesting performances (76 % 
conversion and 94 % selectivity) were also observed on non-ordered catalyst obtained by an 
easier and cheaper method. The better reactivity of methyl oleate than methyl elaidate was 
observed because the approach to the catalyst surface for cis carbon double bonds is less 
hindered than for trans ones
[45][85]
.  
Later, another example of epoxidation of methyl oleate over ordered and non-ordered 
titanosilicates was reported. The epoxide was obtained with about 57 % yield over the Ti-
MCM-41, while only 36 % yield was achieved over amorphous Ti-SiO2 at 70 °C. However, 
all the materials showed good stability and re-usability at least 4 times in liquid phase 
reactions
[46]
. 
 
As a conclusion, titanium-containing silicas were shown to be efficient heterogeneous 
catalysts for the epoxidation of a wide variety of substances under environmentally friendly 
conditions. Considering requirements for an ideal heterogeneous catalytic process, the 
catalysts can be easily separated and re-usable and many types of reactants can be used in the 
process. For some specific purposes, ordered materials, such as Ti-MCM-41 showed great 
activity and selectivity. However, interesting catalytic performances of non-ordered catalysts 
which are normally prepared by easy and cheap methods could not be disregarded
[26]
.   
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Fig. 13 Grafting of a Ti complex on the surface of mesoporous MCM-41
[49][86]
 
 
 
 
3.4 Epoxidation with Titania-Silica catalysts 
 
It is possible to trace the evolution of a wide variety of titanium-based epoxidation catalysts 
back to the original development of TiO2-on-silica catalysts by research groups at Shell in 
1980
[47][48]
.The materials may be prepared by impregnation of a silica with a Ti(IV) 
compound. The hydrolysis of these compounds by the surface silanol groups, followed by 
calcination, attaches the Ti(IV) centers to the surface with Ti-O-Si linkages. The active sites 
for epoxidation are the isolated Ti(IV) ions with tetrahedral coordination. Sheldon claimed 
that Ti(IV)/SiO2 catalysts are superior to soluble Ti(IV) compounds for epoxidation reactions 
due to the increase in Lewis acidity of the Ti(IV) centers because of electron withdrawal by 
the silanoxy ligands. A schematic of the active center for epoxidation in these materials 
initially proposed by Sheldon is shown in Figure 14. 
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Fig. 14 Initially proposed schematic of the active center for epoxidation 
 
There has been a lot of research on these catalysts for epoxidation and many factors 
influencing the catalytic performances were found. 
Studies of grafted Ti centers of titanosilicate zeolites have shown several slightly different 
depictions of the active site structure for this broad family of catalysts
[51][52]
. The most typical 
description of Ti(IV) center is shown on Figure 15. 
 
Fig. 15 Catalytic active center (X = H or R) 
 
 
Based on this structure of the active site, there were also several schematic structures for the 
transition state for the epoxidation step proposed
[51][53][54][55][56]
. The active site for 
epoxidation in the actual reaction is generally described as a hydroperoxide, ‘TiOOH’ 
[57][58][59]
. The titanium peroxide, Ti(OOR), which is proposed as active intermediate was 
proved by means of Fourier transform infra-red (FTIR) analysis
[60]
. The molecular structure 
of this titanium peroxide is exotic, as the titanium is coordinated with both oxygen atoms. 
The double bond on the olefin directly attacks the activated oxygen atom of the Ti(OOR), and 
through the two triangles transition state, the titanium complex removes the oxygen atom as 
an epoxide and leaves a titanium alkoxide behind. This titanium alkoxide becomes a titanium 
peroxide form again by another hydroperoxide molecule. The simplified mechanism is shown 
on Figure 16.  
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Fig. 16 Mechanism of epoxidation on active intermediate, titanium peroxide 
 
Normally, titania-silica catalysts are hydrophilic. They are reported to deactivate in the 
presence of aqueous H2O2
[49]
. This could be explained by the existence of a Ti-peroxo species 
stabilized by water
[78][87]
(Figure 17). But M. C. Capel-Sanchez et al. presented that sililated 
surface of Ti-SiO2 catalyst is hydrophobic and it enhances not only in hydrogen peroxide 
efficiency but also in selectivity to epoxide in the epoxidation of alkenes with H2O2
[88]
. The 
leaching of titanium from fresh catalysts was reported, too 
[50]
. 
A lot of advantageous properties of these catalysts bear great potential which will lead to 
more efficient heterogeneous epoxidation in the future. There are still abundant possibilities 
for research in this field, such as easier and cheaper production of the catalyst, scaling-up of 
the reaction, etc.  
 
Fig. 17 Stabilized titanium peroxide by water
[87] 
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C. Results and discussion 
 
1. Catalyst characterization 
 
• Amorphous Ti-SiO2 catalysts  
 
All the amorphous Ti-SiO2 catalysts materials were prepared according to the procedure 
developed by Niessen et al. in which the preparation of Ti-MCM-41 is described
[89]
. One 
difference is that no surfactant (structure directing agent (SDA)) was added in the preparation 
of the amorphous Ti-SiO2 catalysts. This preparation method so called ‘method ‘a’’ 
 
M. C. Capel-Sanchez et al. synthesized the amorphous Ti-SiO2 catalysts in a simpler way 
compared with method (a). These catalysts were prepared by method ‘b’ described in ref. [90].  
 
Without the addition of a surfactant, the catalysts were also prepared by the ‘method ‘c’’ 
referred to the hydrothermal method as described by T. Blasco et al.
[91]
.  
 
In this research, the different silica-titania ratios in the materials and other silica sources were 
applied. 
 
1.1 Catalysts prepared by method ‘a’ 
 
1.1.1 Preparation of amorphous Ti-SiO2 catalysts using different silica sources 
 
Several amorphous Ti-SiO2 catalysts with different silica sources were prepared by 
hydrothermal method (method a). In this way, five different catalysts were prepared 
KKHK1a, KKHK2a, KKHK3a, KKHK4a and KKHK5a, the number in the name means the 
different silica sources and character ‘a’ denotes the preparation method: 1 Aerosil 200 
[Degussa]; 2 Aerosil 380 [Evonik]; 3 Davicat SI 1404 [Grace Davison]; 4 PD10012 [PQ 
Corporation]; 5 PD10013 [PQ Corporation] 
 
The molar ratios of titanium to silicon were measured by the elemental analysis using ICP-
AES. The nitrogen adsorption analysis was carried out to determine some physical 
parameters such as pore size and BET surface area. The BET surface areas of the original 
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silica sources and those of the prepared catalysts were compared. Figure 18 contains the 
nitrogen adsorption isotherms for the five catalysts. Other results are shown on Table 5.  
 
Fig. 18 N2 adsorption isotherms for amorphous Ti-SiO2 catalysts (a)  
more details, see Chapter E.5.6 
 
 
Table 5 BET surface area and pore size of catalysts and elemental analysis (a) 
Catalyst Number 
ICP-AES 
(Ti/Si)*100 
Silica source 
BET [m
2
/g] 
Catalyst 
BET [m
2
/g] 
Pore 
radius 
size[Å ] 
Ti[mg/g] Si[mg/g] 
KKHK1a amor.Ti-
SiO2 (AEROSIL200) 
5.80 440.40 0.77 200 132.7 118.5 
KKHK2a amor.Ti-
SiO2 (AEROSIL380) 
8.8 423.7 1.22 380 157.3 99.3 
KKHK3a amor.Ti-
SiO2 (Dav 1404) 
5.92 455.22 0.76 500 210.27 57.53 
KKHK4a amor.Ti-
SiO2 (PD10012) 
7.45 435.60 1.00 535 199.78 64.46 
KKHK5a amor.Ti-
SiO2 (PD10013) 
8.70 437.10 1.17 657 200.79 68.65 
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All five samples show in the nitrogen adsorption isotherm the typical hysteresis which is 
observed due to capillary condensation in mesopores. The shapes are classified into the type 
IV according to IUPAC nomenclature.  
 
According to elemental analysis, the molar ratios of titanium to silica are slightly different, 
although same amounts of materials were used for preparation to fit the ratio of 0.8 
((MolTi/MolSi)*100). This could be due to the small loss of materials during preparation 
procedure, such as separation of catalysts by centrifugation after autoclaving.  
 
Comparing BET surface area of the silica sources and the final catalysts, it is clearly 
indicated that the BET surface area was decreased during preparation. The reason for this will 
be discussed later. 
 
For evaluation of the Ti state in the catalysts framework, FT-IR and DR-UV/Vis analysis 
were carried out. UV-Vis spectroscopy is one of the most useful technique for evaluating the 
titanium environment
[92]
. The results of UV-Vis analysis which were carried out by the 
diffuse reflectance technique are presented in Figure 19. The plot of anatase is added in the 
figure as a reference. The UV band at around 210 nm indicates the high concentration of 
isolated Ti(IV) sites in tetrahedral coordination on the catalyst and high dispersion of Ti. The 
band at ca. 210-264 nm in the catalyst should be due to hydrated titanium species which are 
also in tetrahedral coordination or isolated Ti(IV) in an octahedral environment. The band at 
ca. 340-400 nm indicates the presence of free TiO2 like anatase in the sample
[46][90][91][92][93][94]
. 
The presence of highly isolated tetrahedral Ti(IV) sites plays an important role in both 
Ti(IV)-peroxo complexes intermediates and the interaction between these oxidizing species 
and organic materials
[94]
. None of the samples have a strong absorption at around 340-400 nm 
like anatase but KKHK1a and KKHK2a have a small band at this range of the wavelength 
and others contain broad shoulders in the range which rules out the presence of non-isolated 
Ti. This may indicate the existence of both isolated and non-isolated Ti in the catalysts 
framework. However, it can be clearly recognized which catalyst contains more isolated Ti 
sites by comparing the plots because a lower wavelength for the position of the absorption 
band is linked to a higher Ti dispersion. Therefore, the result demonstrates that Ti dispersion 
of KKHK3a and KKHK5a is better than in the other cases.  
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Fig. 19 UV/Vis spectra for amorphous Ti-SiO2 catalysts (a) 
 
 
FT-IR spectrometer analysis is presented in Figure 20. The peak centered at ca. 810 cm
-1
 is an 
indication of the symmetric stretching and bending of Si-O-Si bridges. The band at about 
1085 cm
-1 
is due to the asymmetric stretching of Si-O-Si. The band at ca. 960 cm
-1 
is known 
as the specific peak for Si-OH stretching vibrations in the case of pure amorphous silica. For 
Ti-containing silica material, a band at this wavenumber is generally taken as a proof of the 
incorporation of the metal into the framework, Si-O-Ti asymmetric stretching
[46][91][93][95][96]
.  
 
According to Figure 20, the bands of all samples at 960 cm
-1 
are weak. Thus these seem to be 
shoulders rather than peaks. This can be possibly explained by titanium source used in the 
preparation. Triammoniumpentafluoroperoxotitanate ((NH4)3[Ti(O2)F5]) has the advantage 
that it is well soluble in water. This makes the synthesis much easier and it lowers the risk of 
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having to dispose of the gel or the product because of the presence of titanium oxide species. 
It might be that the presence of fluoride could have a negative effect in the preparation of the 
catalyst. It was reported that fluoride leads to the formation of octahedral framework titanium 
which is not active or causes by-product formation in the epoxidation reaction
[89][97]
. 
However, the combination of FT-IR and DR-UV, result proves, at least, the existance of the 
tetrahedrally incorporated Ti on silica.         
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Fig. 20 FTIR spectra for amorphous Ti-SiO2 catalysts (a) 
 
 
Amorphous structure of these catalysts was confirmed by XRD measurements. The results of 
the samples are shown on Figure 21. Due to missing crystallyzation and non-ordered 
structures, obviously no XRD patterns were observed.  
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Actual particle size of the catalyst, KKHK5a, was measured by SEM (Scanning Electron 
Microscope). The images of a particle and the surface of it are illustrated in Figure 22 and 
Figure 23, respectively. Many particles agglomerated during the catalyst preparation by 
hydrothermal method (a). But a single particle still has sphere shape in situ (Fig. 22). From 
the images, the average particle size can be assumed as ca. 20 – 30 µm and the pores on the 
surface are clearly observed (Fig. 23).  
 
 
Fig. 21 XRD patterns for amorphous Ti-SiO2 catalysts (a) 
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Fig. 22 SEM image of the amorphous Ti-SiO2 catalyst particle (KKHK5a) 
 
 
 
Fig. 23 SEM image of the surface of KKHK5a 
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1.1.2 Influences on BET surface area of the catalyst 
 
In the case of KKHK5a, the BET surface area is only about 200 m
2
/g, although that of its 
silica source has the BET higher than 600 m
2
/g. Due to the highly decreased BET surface 
area of amorphous Ti-SiO2 catalysts prepared by method ‘a’ during the procedure, some tests 
were carried out. 
Firstly, BET surface area after each step of catalyst preparation of KKHK5a was measured to 
check the step during which it is highly decreased. A comparison of the BET surface at each 
step is given in Table 7.  
 
Table 6 BET surface area after each step of catalyst preparation of KKHK5a 
Catalyst (KKHK5a) 
ICP-AES 
(Ti/Si)*100 BET[m2/g] 
Pore radius 
size[Å ] Ti 
[mg/g] 
Si 
[mg/g] 
Silica source PD10013 
[PQ Corporation] 
- - - 657 - 
KKHK5a  as-synthesized 6.75 355.50 1.11 335.3 65.60 
KKHK5a  after calcination  
(T: 540°C) 
8.25 429.50 1.13 199.0 68.73 
KKHK5a  2
nd
 calcination 
after used in epoxidation 
reaction 
- - - 164.1 76.48 
 
 
It was found that the calcination is not only the step in which the BET surface area is 
decreased. Also the crystallization in the autoclave is the crucial step. Comparing the BET 
surface area of the silica source, PD10013 (PQ corporation) and of the as-synthesized 
KKHK5a, almost half of it was decreased during the synthesis in the autoclave. This occurs 
due to some crystallization by adding the base mineraliser tetra-ethylammoniumhydroxide 
when the catalyst solution was mixed before the reaction in the autoclave or due to the 
blocked pores resulted from agglomeration of the broken particles. Additionally, BET surface 
area was decreased by 2
nd
 time calcination after reaction. It means that calcination time is 
also important factor affecting BET surface. 
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Table 7 BET surface area of catalysts calcined at different temperature 
Catalyst (KKHK5a) 
ICP-AES 
(Ti/Si)*100 BET[m2/g] 
Pore radius 
size[Å ] Ti 
[mg/g] 
Si 
[mg/g] 
KKHK5a  (calc. T: 540°C)  8.1 419.35 1.13 197.7 56.65 
KKHK5a  (calc. T: 500°C)   8.25 420.75 1.15 256.3 49.93 
KKHK5a  (calc. T: 450°C)  8.40 416.6 1.18 275.6 50.96 
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Fig. 24 TGA of an as-synthesized amorphous Ti-SiO2, KKHK5a 
 
 
The effect of calcination temperature on BET surface was also tested. The as-synthesized 
KKHK5a catalyst was calcined at different temperaturs (Table 8). The lower the calcination 
temperature, the higher the remaining BET surface area.  
 
Based on these results, TGA (Thermal Gravimetry Analysis) are carried out to find the 
optimal calcination temperature. In Figure 27, the weight loss of as-synthesized KKHK5a 
under gradually increasing temperature gives clear information that the mass is not decreased 
anymore between 450 – 500 °C. It means that 450 – 500 °C is high enough to remove all 
organic stuffs from the catalyst so that the calcination temperature should not be necessarily 
higher than 500 °C.  
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1.2 Catalysts prepared by method ‘b’ 
 
1.2.1 Preparation of amorphous Ti-SiO2 catalysts using different silica sources 
 
 
The impregnation method (b) is much simpler and requires shorter time than the 
hydrothermal method ‘a’. For the preparation, cyclohexanol was used as solvent because its 
positive influence for the properties of the catalyst was found by M. C. Capel-Sanchez et 
al.
[90] 
 
 
Several amorphous Ti-SiO2 catalysts were prepared method ‘b’. BET surface area 
measurement by nitrogen adsorption analysis and elemental analysis were carried out (Figure 
24) (Table 6). Like the catalysts prepared via method ‘a’, five catalysts were produced using 
five different silica sources. Depending on which silica source was used, the names of the 
catalysts are KKHK1b, KKHK2b, KKHK3b, KKHK4b and KKHK5b: 1 Aerosil 200 
[Degussa]; 2 Aerosil 380 [Evonik]; 3 Davicat SI 1404 [Grace Davison]; 4 PD10012 [PQ 
Corporation]; 5 PD10013 [PQ Corporation]   
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Fig. 25 N2 adsorption isotherms for amorphous Ti-SiO2 catalysts (b) 
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Table 8 BET surface area and pore size of catalysts and elemental analysis (b) 
Catalyst Number 
ICP-AES 
(Ti/Si)*100 
Silica source 
BET [m
2
/g] 
Catalyst 
BET [m
2
/g] 
Pore 
radius 
size[Å ] 
Ti[mg/g] Si[mg/g] 
KKHK1b amor.Ti-
SiO2 (AEROSIL200) 
4.52 440.3 0.60 200 183.96 98.19 
KKHK2b amor.Ti-
SiO2 (AEROSIL380) 
5.09 413.3 0.72 380 365.57 140.16 
KKHK3b amor.Ti-
SiO2 (Dav 1404) 
4.59 438.46 0.61 500 504.15 30.17 
KKHK4b amor.Ti-
SiO2 (PD10012) 
5.37 423.2 0.74 535 555.75 81.69 
KKHK5b amor.Ti-
SiO2 (PD10013) 
5.37 416.65 0.76 657 675.69 95.22 
 
 
Fig. 24 illustrates that all catalysts are mesoporous materials. However, there are significant 
differences, for example, in the average pore volume between KKHK5b and KKHK3b. 
KKHK5b has BJH desorption cumulative volume of pores 3.24 cm
3
/g, while 0.99 cm
3
/g of 
pore volume was obtained for KKHK3b.  
 
In contrast to the catalysts prepared by method ‘a’, the BET surface area of silica sources are 
well preserved in the BET surface of the catalyst after the preparation.   
 
DR-UV and FT-IR spectroscopy analysis were performed as it was described for the catalysts 
prepared by method ‘a’, see Figure 25. All the samples do not indicate anatase-like separated 
TiO2 phase. This could be also explained by the titanium source used in the preparation of the 
catalysts. It has been reported that Ti(O
i
Pr)4 supported on silica is an efficient catalyst for the 
epoxidation of olefins
[98][99]
. Such a catalyst should have more active sites. In another report, 
it is claimed totally differently that titanium isopropoxide precursor yields tetrahedrally 
coordinated polymeric titanium species, which lower the efficiency of the catalyst
[92]
.  
 
As explained in the previous chapter, a higher wavelength for the position of the absorption 
band is linked to a lower dispersion of Ti in the framework. Therefore, a better Ti dispersion 
on KKHK3b and KKHK5b can be assumed.  
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Fig. 26 UV/Vis spectra for amorphous Ti-SiO2 catalysts (b) 
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Fig. 27 FT-IR spectra for amorphous Ti-SiO2 catalysts (b) 
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FT-IR analysis was carried out. The resulted graphs are illustrated in Figure 26. All samples 
show clearly the band at ca. 960 cm
-1
. That is more pronounced than in the case of the 
catalysts (a), especially on KKHK4b and KKHK5b. This proves, not decisive, that more 
isolated tetrahedral coordination of Ti present in the framework of the catalyst. However, the 
band at 960 cm
-1 
appears very weak in catalyst KKHK1b indicating a low dispersion of 
framework Ti.   
 
 
1.2.2 Different amounts of titanium loading in the preparation method (b) 
 
The remained BET surface area of the catalysts prepared by method ‘b’ was already 
described in previous chapter 1.1. However, high BET surface area is not only the factor 
which influences the activity of the catalyst in expoxidation reactions but also state of Ti in 
the catalyst framework is an important factor. In this manner, several amorphous Ti-SiO2 
catalysts were prepared by method ‘b’ using different amounts of titanium source loading. 
Molecular ratios of Ti and Si were 0.4, 0.8, 1.6 and 2.4 using same silica source PD10013. 
The amount of titanium incorporated into the samples would not totally depend on the 
amount of titanium source added. To check the dispersion and state of Ti in the catalyst 
framework, DR-UV spectrometer was carried out (Figure 28).  
 
Interestingly, the bands of the catalyst synthesized with more amounts of titanium source 
adding are shifted toward a higher wavelength. The activities of those catalysts were tested 
and will be discussed later on. However, at least, the UV results indicate that the 
incorporation of Ti into the framework of the catalyst is better in the case of less Ti content. 
Thus, better dispersion of Ti in the catalyst would be expected with lower molar ratio of Ti to 
Si. Therefore, high amount of titanium loading is not necessary because more anatase and 
condensed octahedral Ti species are formed in the case, so that only a fraction of the titanium 
precursor was incorporated into the catalyst.  
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Fig. 28 UV/Vis spectra for amorphous Ti-SiO2 catalysts with different molecular ratio of Ti and Si 
((MoleTi/MoleSi)*100) 
 
 
 
1.3 Comparison of the catalysts prepared by method (a) – (c) 
 
Three different amorphous Ti-SiO2 preparation methods (a, b, c) were applied for the present 
investigations. In all procedures, the same silica source PD10013 and the same molecular 
ratio 0.8 mole% of Ti and Si were applied.  
 
Firstly, chemical elementary analysis by ICP-AES, BET surface area as well as pore size 
measurement by nitrogen adsorption-desorption isotherm were carried out (Table 9).  
Comparing BET surface area of three catalysts, those of catalysts KKHK5a and KKHK5c 
were much decreased during preparation while the BET surface of silica is still remained in 
KKHK5b. Both KKHK5a and KKHK5c are prepared by hydrothermal method which 
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including the reaction step in the autoclave and the addition of the base mineraliser tert- 
ethylammoniumhydroxide (TEAOH) and tert-methylammoniumhydroxide (TMAOH), 
respectively. On the other hand, KKHK5b was prepared simply by impregnation without 
addition of any structure directing agent or base mineralizer. All three catalysts are surely 
non-ordered catalysts since there was no surfactant added in the preparation. However, XRD 
patterns of KKHK5a and KKHK5b were compared to check the possible influence of the 
autoclaving step and the mineralizer on BET area decrease which could happened by some 
crystallization (Figure 29). As expected, both XRD patterns indicate typical amorphous 
materials.  
 
Table 9 BET surface area and pore size of catalysts and elemental analysis (a, b, c) 
Catalyst 
ICP-AES 
(Ti/Si)*100 BET[m
2
/g] 
Pore radius 
size[Å ] Ti 
[mg/g] 
Si 
[mg/g] 
KKHK5a 8.25 429.50 1.13 199.0 68.73 
KKHK5b 5.37 416.65 0.76 675.7 95.22 
KKHK5c 6.66 437.56 0.89 234.4 81.84 
 
 
 
Fig. 29 XRD patterns for amorphous Ti-SiO2 catalysts, KKHK5a and KKHK5b 
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To check differences of catalysts, KKHK5a and KKHK5b, SEM images were carried out 
(Figure 30 – 33).  
 
A lot of agglomeration of small particles are observed in figure 30 and 32, while catalyst 
particle size in figure 31 and 33 seem more uniform. In the preparation method a, when the 
catalyst was synthesized, base template, TEAOH was added. A sol-gel was formed by the 
template after autoclaving followed by filtration and drying. Thus, the catalyst had to be 
crushed and grinded to bring it in powder form. The agglomeration might be conducted 
during autoclaving and the particle size of the agglomerated particles would be much higher 
before grinding.  
 
Due to the agglomeration of the catalyst particles of KKHK5a, pores are blocked by other 
particles resulting in a decrease of the internal surface area of the catalyst influencing the 
total surface area.  
 
 
 
Fig. 30 SEM image of amorphous Ti-SiO2 catalyst, KKHK5a 
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Fig. 31 SEM image of amorphous Ti-SiO2 catalyst, KKHK5b 
 
 
Fig. 32 SEM image of amorphous Ti-SiO2 catalyst, KKHK5a 
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Fig. 33 SEM image of amorphous Ti-SiO2 catalyst, KKHK5b 
 
 
 
To evaluate the state of Ti in the three catalysts framework, DR-UV and FT-IR analysis were 
carried out.  
 
The results of UV/Vis analysis of the catalysts are presented in Figure 34. There was no 
indication for a strong absorption band around 340 nm, the typical wavelength for anatase. 
However, the spectrum of the KKHK5b sample displays almost exclusively the component of 
isolated Ti(IV) in tetrahedral coordination.  
 
FT-IR measurements were carried out and the results are presented in Figure 35. Under 
exclusion of the explanation for peaks related to Si-O-Si stretching and bending, the bands at 
960 cm
-1
 which are the indication of active sites are comparable. The intensity of the bands at 
that wavenumber is in the order KKHK5a ≤ KKHK5c < KKHK5b which is same with Ti-
dispersion order observed in the UV results.  
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Fig. 34 UV/Vis spectra for amorphous Ti-SiO2 catalysts (KKHK5a, KKHK5b and KKHK5c) 
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Fig. 35 FT-IR spectra for amorphous Ti-SiO2 catalysts (KKHK5a, KKHK5b and KKHK5c) 
43 
 
2. Epoxidation reaction 
 
As reference experiment, non-catalytic epoxidation of oleic acid was carried out with 
peroxyacetic acid which was generated in situ from aqueous hydrogen peroxide and acetic 
acid catalyzed by sulfuric acid. 
 
After the characterization of the amorphous Ti-SiO2 catalysts, the activities of the different 
catalysts were compared in the epoxidation of the vegetable oils, methyl oleate and oleic acid, 
with tert-butyl hydroperoxide (TBHP) as oxidant. Optimal reaction conditions have been 
investigated. Afterward, a correlation of the catalytic performance with the catalyst features 
was discussed. Finally, a scale-up was carried out. 
 
 
2.1 Non-catalytic epoxidation 
 
 
The non-catalytic epoxidation, so called Prilezhaev epoxidation process, was carried out in 
the 4 L reactor. This process has been applied already in large industrial scale, thereby the 
unsaturated fatty compound reacts with a peroxycarboxylic acid (typically peracetic or 
performic acid) obtained by the acid-catalyzed oxidation with hydrogen peroxide (Figure 36). 
A typical in situ epoxidation of oleic acid process was applied. Acetic acid, hydrogen 
peroxide and sulfuric acid were used for formation of peracetic acid
[20]
. The results are 
illustrated in Figure 37.    
 
Almost complete conversion of oleic acid was obtained in 7 hours. However the selectivity 
was continuously decreased. The maximum selectivity about 60 % was reached after 5 hours 
reaction time, and then it was drastically decreased. Therefore, ca. 40 % of epoxide yield with 
a selectivity of about 40 % were achieved. This low selectivity is caused by ring opening and 
by-product formation by acid, such as ketone formation by rearrangement, diol formation by 
hydration, etc. Since there is abundant possibility for side reactions, it is important that the 
epoxidation process has to be carried out at low temperature and short reaction time.   
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Fig. 36 Non-catalytic epoxidation with peracetic acid 
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Fig. 37 Non-catalytic epoxidation reaction of oleic acid in homogeneous system in a 4 L reactor. OA : toluene : 
acetic acid : sulfuric acid (96.5 %) : H2O2 (30 wt%) = 2000 : 500 : 210 : 11.25 : 1328.85, temperature = 56 – 
57 °C, reaction time = 24 h. Experiment KKH54 
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2.2 Epoxidation of methyl oleate over amorphous Ti-SiO2 catalysts 
 
The epoxidation of methyl oleate using tert-butyl hydroperoxide as oxidant in the presence of 
amorphous Ti-SiO2 was conducted according to the equation in Figure 38. 
 
 
Fig. 38 Epoxidation of methyl oleate over Ti-SiO2 
 
All the reactions were carried out in autoclaves or round-bottom flasks before it is carried out 
in the 4 L reactor. See the units of small scale reactors as shown in Figure 39 and 40 
 
 
 
 
Fig. 39 Experimental units for the reactions in autoclaves 
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Fig. 40 Experimental units for the reactions in round-bottom flasks 
 
 
 
2.2.1 Catalytic results obtained with the Ti-SiO2 catalysts (KKHK5a, b, and c)  
 
The catalytic results for the epoxidation of methyl oleate with KKHK5a, KKHK5b and 
KKHK5c are presented in Figure 41. The activity of these catalysts is in the order KKHK5a ≤ 
KKHK5c < KKHK5b. Interestingly, this is a function of BET surface area and the state of Ti 
observed from DR-UV and FT-IR experiments. The most active catalyst, KKHK5b, has the 
highest BET surface area (675.7 m
2
/g) and the best titanium dispersion according to Table 9, 
Fig. 34 and Fig. 35. In contrary, the smaller amount of available and accessible titanium sites 
in catalysts KKHK5a and KKHK5c is responsible for the lower yields compared with 
KKHK5b. However, with regard to selectivity, all catalysts yielded selectively the formation 
of epoxystearic methyl ester (epoxidized methyl oleate). Moreover, there is no significant 
difference in conversions and yields of KKHK5a and KKHK5c.    
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Fig. 41 Epoxidation reactions using the catalysts prepared by different methods. TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h.  
Experiment KKH66 
 
Based on these result, reactions with KKHK5a and KKHK5b are concentrated further and 
compared each other in this work.    
 
 
2.2.2 Epoxidation of methyl oleate with Ti-SiO2 (a) 
 
1) Catalysts prepared according to method ‘a’ with different silica sources 
 
The epoxidation reactions of methyl oleate with Ti-SiO2 catalysts prepared using different 
silica sources (1 Aerosil 200 [Degussa]; 2 Aerosil 380 [Evonik]; 3 Davicat SI 1404 [Grace 
Davison]; 4 PD10012 [PQ Corporation]; 5 PD10013 [PQ Corporation]) were carried out. The 
catalytic results are presented in figure 42. The plots of selectivity were omitted because all 
the values are higher than 90 % in this case. In the characterizations of these catalysts, there 
were no significant differences observed. However, for example, the BET surface area of 
KKHK1a and KKHK2a were lower than those of the other catalysts. Therefore lower 
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activities were observed. Furthermore, dispersion of titanium causes higher conversions over 
KKHK3a and KKHK5a. The BET surface area of KKHK4a is almost same with that of 
KKHK5a. Nevertheless, the KKHK5a is more active. That proves that the state of the 
titanium in the catalyst framework is the main factor which influences the activity of catalysts. 
After all, the catalyst KKHK5a whose preparation in based on the silica source PD10013 
from PQ corporation having both high BET surface area and high dispersion of Ti presented 
the best catalytic performance. Therefore, KKHK5a is used in further investigations.  
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Fig. 42 Epoxidation reactions using the catalysts prepared with different silica sources. TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h. Experiments 
KKH34, KKH30, KKH29, KKH55-1 
 
 
2) Temperature dependence 
 
The effect of temperature on the reaction was checked (Figure 43). Increasing temperature 
from 50 °C to 70 °C does not cause a decrease in selectivity but conversion increases about 
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10 %. However, by further increasing temperature from 70 °C to 90 °C, ca. 30 % of 
selectivity was lost while the conversion was increased from 24 to 61 %. The GC results of 
the samples taken at 80 and 90 °C presented many unknown small peaks of by-products 
which could not be identified. 
Making a compromise between conversion and selectivity in the results, 70 and 80 °C are 
considered as optimal temperature for the epoxidation of methyl oleate with TBHP.    
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Fig. 43 Epoxidation reactions at different temperature. Catalyst = KKHK5a, TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 50-90 °C, reaction time = 24 h. Experiments KKH5, 
KKH55, KKH55-1, KKH55-2, KKH5 
 
 
3) Solvent effect 
 
The effect of different solvents was evaluated in the case of amorphous Ti-SiO2 catalyst, 
KKHK5a (Figure 44).  
It is clear that the activity of the catalyst for the epoxidation with TBHP is higher in the 
unpolar solvents. The polarity of the solvents decreased in the order Acetonitrile > Methanol 
> t-Butanol >> Toluene > Hexane, dielectric constants of each solvents at 25 °C are n-
Hexane: 2;   Toluene: 2.4;  Acetonitrile: 37;  Methanol: 33; t-Butanol: 12.4. The reaction 
in acetonitrile (polar aprotic) as a solvent results in low yield. Two phase reaction mixture 
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was formed due to the strong polarity of acetonitrile and this will be the reason for the low 
yield. Therefore, the solubility of methyl oleate in a polar solvent is one of the important 
influencing factors for the reaction. The amorphous Ti-SiO2 catalyst is highly hydrophilic. 
The polar protic solvents, t-butanol and methanol can act as an inhibitor in the reaction so 
that they can block the active sites. For example, OH group of solvent can adsorb on the 
intermediate active site, titanium peroxide before double bond attacks the active site (Figure 
45).  
 
Solvent
n-Hexane Toluene Acetonitrile t-Butanol Methanol
C
o
n
v
e
rs
io
n
 &
 Y
ie
ld
 &
 S
e
le
c
ti
v
it
y
 [
%
]
0
20
40
60
80
100
Conversion [%] 
Yield [%] 
selectivity [%] 
 
Fig. 44 Epoxidation reactions in different solvents. Catalyst = KKHK5a, TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 20 g/g, Solvent/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h.  
Experiments KKH61, KKH66, KKH35 
 
 
The reactions in the unpolar aprotic solvents, n-hexane and toluene, performed better 
conversions and selectivities. Although there is only a slight difference in the conversion, 
toluene is clearly the best solvent for this reaction because of its higher boiling point. The 
boiling point of n-hexane with 69 °C is too low for the reaction. Based on the described 
experimental findings, toluene is used as the solvent in subsequent reactions.  
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Fig. 45 An alcohol (solvent) adsorbed on Ti-peroxide complex 
[100]
 
 
4) Effect of reactant ratios 
 
The effect of the initial reactant molar ratios on the activity of the amorphous Ti-SiO2 catalyst, 
KKHK5a, was studied in the range of 1 mol/mol – 3.67 mol/mol (TBHP/MO).  
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Fig. 46 Conversions of methyl oleate in the epoxidation reactions with different mole ratio of reactants. Catalyst 
= KKHK5a, TBHP/MO = 1 mol/mol-3.67 mol/mol, Catalyst = 0.5 g, Toluene = 10 g, temperature = 80 °C, 
reaction time = 24 h. Experiments KKH53-1, KKH53, KKH53-2, KKH60 
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In previous experiments, the molar ratio between hydroperoxide and MO was kept constant 
and equal to 1.1 : 1 because this is the standard ratio used in the epoxidation of this kind of 
substrate with organic peracids, with only 10 % hydroperoxide excess. The conversions of 
methyl oleate and the yields of epoxide are elucidated in Figure 46 and Figure 47, 
respectively. The conversion of methyl oleate was increased from 15.5 % to 72.8 % with 
increasing ratio from 1 mol/mol to 3.67 mol/mol within 24 hours reaction time. A similar 
trend was observed in case of the yield. Based on these results, the initial product formation 
rate equation can be : 
     
  
       
             
           eq. 1 
where CEPX, CMO and CTBHP are the mole concentrations of epoxide, methyl oleate and tert-
butylhydroperoxide, respectively. The term dCEPX/dt is the epoxide formation rate in mol/g·h. 
The equation indicates simply that the product formation rate depends much more on the 
initial concentration of TBHP than that of methyl oleate. Additionally, the increase in the 
reaction rate in the range from (1:1) to large excess (3.67:1) explains that the produced 
epoxide in has not an inhibitory effect on this catalytic epoxidation reaction.  
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Fig. 47 Yields of epoxide in the epoxidation reactions with different mole ratio of reactants. Catalyst = 
KKHK5a, TBHP/MO = 1 mol/mol-3.67 mol/mol, Catalyst = 0.5 g, Toluene = 10 g, temperature = 80 °C, 
reaction time = 24 h. Experiments KKH53-1, KKH53, KKH53-2, KKH60 
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5) Effect of stirrer speed 
 
The effect of stirrer speed on the reaction rate of epoxidation was studied in the range of 150 
rpm – 500 rpm. The conversions of methyl oleate and the yields of epoxide using different 
stirrer speed during 24 hours are depicted in Figure 48 and Figure 49, respectively. The 
reactions were carried out in larger round-bottom flasks, 100 ml, because the mechanical 
stirrer had to be applied.  
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Fig. 48 Conversions of methyl oleate in the epoxidation reactions with different stirrer speed. Catalyst = 
KKHK5a, TBHP/MO = 1.1 mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction 
time = 24 h. Experiments KKH57, KKH58, KKH60-2, KKH62 
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Fig. 49 Yields of methyl oleate in the epoxidation reactions with different stirrer speed. Catalyst = KKHK5a, 
TBHP/MO = 1.1 mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction time = 24 
h. Experiments KKH57, KKH58, KKH60-2, KKH62 
 
 
There is no significant difference of initial reaction rate, although the conversion and yield 
after 24 hours reaction time are slightly different. It means that there is no diffusion limitation 
in this range of stirrer speed. This result is obvious due to the fact that the size of the pores is 
large enough for easy diffusion of methyl oleate. In the catalyst characterization of previous 
chapter, the catalyst KKHK5a has average pore radius of 68.65 Å . One molecule of oleic acid 
methyl ester has a size of ca. 10 Å  (Figure 50)
[80]
. From the change of the concentrations of 
methyl oleate within initial 1 hour reaction time, the rates of reaction depending on the stirrer 
speed were calculated (Figure 51). It was found that the rate of reaction was independent of 
agitation speed in the range of 150 – 500 rpm. This is a clear evidence for the absence of 
liquid-mass-transfer resistance and this finding confirms that the chemical reaction on the 
surface of the catalyst was the rate limiting step.  
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Fig. 50 Molecular simulation of oleic acid methyl ester. temperature : 80 °C, Distances : Å  
[80]
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Fig. 51 Effect of agitation speed on the initial reaction rate. 
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6) Effect of catalyst loading 
 
The effect of catalyst loading on activity and selectivity of Ti-SiO2 catalyst, KKHK5a, was 
studied. The catalyst loading range was 2.5 – 20 wt% of methyl oleate applied (Figure 52) in 
the batch reactor. It was found that both conversion and yield were increased with increased 
catalyst amount while the selectivity was decreased at higher weight percent of 10. At lower 
catalyst concentration, the concentration of active sites is also low causing lower epoxidation 
rate. However, a catalyst amount higher than 10 wt% causes low selectivity as result of 
consecutive reactions of the epoxide. To check the efficient catalyst loading, yield per unit 
surface area of catalyst was calculated and presented on Figure 53. 5 wt% is the optimal 
catalyst loading, even though the yield at the concentration is lower than at higher catalyst 
concentration.  
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Fig. 52 Epoxidation reactions with different catalyst loading. Catalyst = KKHK5a, TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 5 - 40 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h.  
Experiments KKH45-1 
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Fig. 53 Calculated yield of epoxide per unit BET surface area of catalyst, KKHK5a 
 
 
7) Reaction in lager vessel 
 
 
Fig. 54  4 L batch reactor for epoxidation reaction 
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The epoxidation reaction of methyl oleate in 4 L reactor over the catalyst KKHK5a was 
carried out in the apparatus Figure 54.  
 
High purity methyl oleate (ca. 95 wt% ≤) which was kindly supported by Fuchs Europe 
Schmierstoffe GmbH was used same as in small scale reaction. The results were quite 
different when the technical methyl oleate (ca. ≤ 80 wt%) was used as a substrate because the 
impurity of this liquid are oils containing CC double bonds, such as ca. 10 wt% of methyl 
linoleate. This observation becomes clear when Fig. 56 is compared with Fig. 57. 
The relative oxidation rate of these two double bonds is 10 times faster than that of methyl 
oleate
[101]
. This is the reason why much less epoxidized methyl oleate were resulted in the 
reaction in 4 L reactor using the technical methyl oleate. The results of epoxidation of high 
purity methyl oleate in small scale 50 ml, larger scale 4 L and epoxidation of technical 
methyl oleate in 4 L presented on Figure 55, Figure 56 and Figure 57, respectively. 
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Fig. 55 Epoxidation reaction of methyl oleate in 50 ml round-bottom flask. Catalyst = KKHK5a, TBHP/MO = 
1.1 mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 80 °C, reaction time = 24 h Experiment 
KKH55-1 
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Fig. 56 Epoxidation reaction of high purity methyl oleate in 4 L reactor. Catalyst = KKHK5a, TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 80 °C, stirrer speed = 400 rpm, reaction 
time = 24 h Experiment KKH73 
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Fig. 57 Epoxidation reaction of technical methyl oleate in 4 L reactor. Catalyst = KKHK5a, TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 80 °C, stirrer speed = 400 rpm, reaction 
time = 24 h Experiment KKH65 
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The last concentrations of produced epoxy stearic methylester (ESME) in the small scale as 
well as in the larger scale reach almost same conversion and selectivity, although initial 
reaction rate was slightly different, maybe due to heat transfer. Even though the temperatures 
of both reactors are adjusted before the reaction mixture is added to the reactors, a larger 
amount of the added reaction mixture in a larger scale takes a longer time to reach the set 
temperature point than in the case of the smaller scale reactor. Nevertheless, these results 
prove that the scaling-up of this reaction is possible and it could have a great potential for the 
industrial use.   
 
 
8) Kinetic study of methyl oleate epoxidation with KKHK5a 
 
No diffusion limitation in the stirrer speed range of 150 – 500 rpm was found in the chapter 
2.2.2-(5). In this case, the kinetic analysis of the reaction can be done with some assumptions.  
 
The first assumption is that the reaction follows Langmuir-Hinshelwood model. In this work, 
an extensive calculation was performed of the equilibrium concentration using Langmuir-
Hinshelwood approach
[93][102][103]
. The second is that both MO and TBHP are adsorbed on the 
active sites and that surface reaction between adsorbed MO and adsorbed TBHP is the rate-
limiting step.  
 
The schematic steps of the epoxidation reaction of methyl oleate with TBHP over the 
heterogeneous catalyst are expressed as:  
 
MO = methyl oleate; HP = tertbutyl hydroperoxide; EPX = epoxide; BO = tertbutanol; S = the catalytic Ti 
active sites; k = reaction rate constant; K = adsorption and desorption equilibrium constant 
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With the assumptions, the rate of desorption for the products is very rapid and this step is 
ignored. For the calculation of rate parameters, the following Langmuir-Hinshelwood model 
equation is used. 
 
    
                           
                           
  
     eq. 2 
 
The initial concentrations of the reactants and the initial reaction rate were taken from the 
experiments of the effect of reactants ratio (chapter C.2.2.2-(4)). The dependence of the 
reaction rate with the initial concentrations of reactants was determined by fixing the amount 
of TBHP and solvent addition, the catalyst mass and the reaction temperature. The calculated 
kinetic parameters for the epoxidation of methyl oleate using KKHK5a are listed on Table 10. 
The calculation was performed using POLYMATH program (version 5.1, redesigned and 
programmed by Michael Elly, Control Data Corporation).  
 
Table 10 Kinetic Parameters 
ka 2.327   10
-3
 
KMOS 1.532   10
4
 
KHPS 3.484   10
2
 
ka in the unit of mol·g
-1·h-1; KMOS and KHPS in unit of g·mol
-1
 
 
For the calculation of activation energy Ea, the conversion and yield of fixed ratio of reactants 
and different temperatures are presented on Figure 58 and 59. As can be seen, the initial 
reaction rate is depending on the reaction temperature.  
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Fig. 58 Effect of reaction temperature on the conversion of methyl oleate. Catalyst = KKHK5a, TBHP/MO = 
1.1 mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 50-90 °C, reaction time = 24 h. 
Experiments KKH5, KKH55, KKH55-1, KKH55-2, KKH56 
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Fig. 59 Effect of reaction temperature on the yield of methyl oleate. Catalyst = KKHK5a, TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 50-90 °C, reaction time = 24 h. 
Experiments KKH5, KKH55, KKH55-1, KKH55-2, KKH56 
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With calculated kinetic parameters (KMOS and KHPS) and experimental data including the 
initial concentration changes of methyl oleate in each reaction under the different temperature 
(the initial reaction rate rMO : dCMO/dt, CMO0 and CHP0), ka values of the reactions were 
calculated using eq. 2. The Arrhenius plot based on these values is shown on Figure 60.  
 
 
Fig. 60 Corresponding Arrhenius plot. Catalyst = KKHK5a, TBHP/MO = 1.1 mol/mol, MO/Catalyst = 20 g/g, 
Toluene/MO = 1 g/g, temperature = 50-90 °C 
 
 
According to the Arrhenius plot, the apparent activation energy was determined to be 21.3 
KJ/mol. This is comparable with activation energies which were measured in other papers, 
see table 11, especially those obtained in the epoxidation reaction over titanium containing 
silica catalysts. The lower activation energy for the synthesis of epoxide indicates that the 
process with the catalyst exhibits better catalytic performance. The experiments and caculated 
values of activation energy in the different processes in the papers are listed on the Table 11.  
 
 
 
 
 
 
y = -2563.8x + 2.3212 
 
-5.8 
-5.6 
-5.4 
-5.2 
-5 
-4.8 
-4.6 
0.0027 0.0028 0.0029 0.003 0.0031 0.0032 
ln
(k
1
) 
1/T 
64 
 
Table 11 Measured activation energies of epoxidation processes  
Reaction Process Oxidant Activation 
energy 
Ref. 
Epoxidation of 
rubber seed oil 
Homogeneous 
Peroxyacetic acid 
H2O2 65.73 KJ/mol [104] 
Epoxidation of 
karanja oil 
Homogeneous 
Peroxyacetic acid 
H2O2 62.38 KJ/mol [105] 
Epoxidation of 
soybean oil 
Homogeneous  
Peroxyacetic acid 
H2O2 43.11 KJ/mol [106] 
Epoxidation of 
propene 
Heterogeneous 
TS-1 
H2O2 25.8 KJ/mol [103] 
Epoxidation of 
allylchloride 
Heterogeneous 
TS-1 
H2O2 29.2 KJ/mol [93] 
Epoxidation of 
limonene 
Heterogeneous 
Ti-MCM-41 
H2O2 16.4 KJ/mol [107] 
Epoxidation of 
propylene 
Heterogeneous 
Ti/SiO2 
TBHP 36.4 KJ/mol [108] 
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2.2.3 Epoxidation of methyl oleate with Ti-SiO2 (b) 
 
 
1) Temperature effect 
 
The epoxidation reactions of methyl oleate using KKHK5b as the catalyst were carried out at 
different temperatures (Figure 61).  
 
The following three observations were made in the previous catalyst characterization chapter 
C.1.1 : a well preserved BET surface area of catalysts prepared by method ‘b’, a clearer band 
at wavenumber 960 cm
-1 
with regards to IR spectrometer results, and no band around 340 nm 
of the wavelength with regards to UV results. These features indicate that the titanium is well 
isolated and that there are more active sites. With these factors, a better epoxidation 
performance of KKHK5b was expected. As the result, the amorphous Ti-SiO2 catalyst, 
KKHK5b, showed higher catalytic activity than that of the catalysts prepared by method ‘a’ 
and ‘c’. The superior behavior of the catalyst could be explained not only by the higher BET 
surface area but also by better dispersion of isolated titanium in the framework of the catalyst.  
 
It is shown that conversion and yield were increased from 31 % to 85 % and from 30 % to 
77 %, respectively, by increasing the reaction temperature from 50 °C to 90 °C. In contrast, 
the selectivities decreased from 98 % to 90 %. The highest yield was obtained at 90 °C, 
although selectivity was decreased but still higher than 90 % (90.31 %). This high yield 
(77 %) is lower than the yield (87.75%) reported by A. Campanella et al. who had carried out 
the epoxidation of soybean oil with hydrogen peroxide at 90 °C using the same catalyst 
preparation method (b) but with 0.3 wt% lower loading of titanium
[11]
. However, considering 
reaction running time (> 54 hours) which was much longer than that in our study (24 hours), 
77 % of the yield is reasonable and comparable.   
 
Based on these results, 90 °C is applied in further experiments using catalysts (b).   
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Fig. 61 Epoxidation reactions using amorphous Ti-SiO2 catalyst, KKHK5b (b). TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 50-100 °C, reaction time = 24 h   
Experiments KKH70, KKH70-1, KKH70-2 
 
 
2) Catalysts with different silica sources 
 
The epoxidation reactions of methyl oleate were carried out over Ti-SiO2 catalysts prepared 
according method ‘b’ using different silica sources (Figure 62).  
 
Surprisingly, all results show higher selectivity (> 90 %) and conversion than the results from 
the reactions with the catalysts by method ‘a’. This can be explained by a better dispersion of 
Ti and higher BET surface area of the catalysts (b). However, when only the results of the 
epoxidation reactions using catalysts (b) are compared, the differences of surface area and the 
dispersion of Ti do not play the important role in this case. Although conversion in the 
reaction over the catalyst KKHK1b is somewhat lower than those obtained with other 
catalysts (b), it can not be concluded that the productivity depends exactly on the properties 
of the catalysts, such as surface area of the catalysts and the dispersion of the Ti. This can be 
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proved also by comparing the result in the reactions with catalysts prepared by method (a) 
and KKHK1b. The catalyst KKHK1b having no better catalytic features than catalysts (a) 
performs much better, yielding ca. 60 % conversion. Therefore, more experimental work is 
necessary to find the decisive catalytic features influencing catalytic performance, and 
moreover optimal and economical Ti-SiO2 catalyst for the epoxidation reaction would be 
found.  
Right now, in conclusion we have to say that the catalysts whose preparation are based on the 
silica sources, Aerosil 380 [Evonik], Davicat SI 1404 [Grace Davison], PD10012 [PQ 
Corporation], PD10013 [PQ Corporation] result in similar performance. This observation is 
completely different to the findings using catalysts prepared according to method (a).      
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Fig. 62 Epoxidation reactions using the catalysts (b) prepared with different silica sources. TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 90 °C, reaction time = 24 h. 
Experiments KKH67, KKH67-1 
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3) Effect of different molar ratio of Ti and Si in the catalysts 
 
The differences in reactivity of the catalysts prepared with different molar ratios of Ti and Si 
were investigated. Several catalysts, KKHK5b with molar ratio (Ti/Si*100) of 0.4, 0.8, 1.6 
and 2.4 mol% were employed (Figure 63).  
 
As seen in the catalyst characterization chapter C.1.3, the broad adsorption band of the 
samples with high content of Ti shifted to high wavelength values in the UV/Vis spectrum. 
This indicates the presence of titanium atoms in condensed octahedral coordination as 
observed in KKHK5b(2.4). In the Figure, the catalyst KKHK5b(2.4) showed lower epoxide 
yield than KKHK5b(1.6), which is in agreement with high contain of more octahedral 
coordinated titanium. However, the small aggregation of TiO2 also could have an influence in 
the epoxidation reaction in some cases
[109]
. In this case also, complete site isolation is not 
mandatory in order to have active and selective titania-silica catalysts
[110]
. That was the 
reason why the yield and selectivity in the reaction with KKHK5b(2.4) are higher than those 
with KKHK5b(0.8). In the case of KKHK5b(0.4) which has only totally isolated tetrahedral 
coordination of titanium in UV spectrum, lowest conversion and yield are obtained. This is 
due to the lack of the active site by too small portion of titanium loading. KKHK5b(0.8) also 
shows not enough active sites, compared with KKHK5b(1.6). To find the optimal molar ratio 
of Ti and Si for the reaction, more experiments are required, but the results demonstrate, at 
least, that molar ratios higher than 1.6 are not necessary.    
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Fig. 63 Epoxidation reactions using the catalysts (b) prepared with different molar ratio of Ti and Si. TBHP/MO 
= 1.1 mol/mol, MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h, the 
number in parenthesis = molar ratio Ti/Si * 100  Experiments KKH69, KKH69-1, KKH69-2 
 
4) Reaction in larger scale 
 
The epoxidation reaction of methyl oleate in the 4 L reactor over KKHK5b was carried out at 
90 °C (Figure 64). Fortunately, the yield obtained after 24 hours is almost same value of the 
yield from the reaction carried out in small scale and even higher selectivities are obtained. 
Unlike the reaction with KKHK5a, the high selectivity (> 95 %) was kept constant during the 
24 hours reaction time and quite high yield was obtained after all. This could be checked 
even by naked eyes because the color of the reaction mixture after the epoxidation over 
KKHK5b was more yellow than that over KKHK5a (Figure 65).   
 
Although 87.75 % of yield in the epoxidation reaction of soybean methyl esters using 
amorphous Ti-SiO2 catalyst at 90 °C for longer than 54 hours reaction time was reported by 
another research team
[11]
, the 77.44 % yield within 24 hours is quite interesting because of its 
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reaction scale and reaction time. This result also might have a potential for the application in 
industrial scale.  
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Fig. 64 Epoxidation reaction in 4 L reactor using KKHK5b as the catalyst. TBHP/MO = 1.1 mol/mol, 
MO/Catalyst = 20 g/g, Toluene/MO = 1 g/g, temperature = 90 °C, reaction time = 24 h 
Experiment KKH82 
 
 
Fig. 65 The reaction mixture after 24 hours epoxidation reaction of methyl oleate using KKHK5a (right) and 
KKHK5b (left) 
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2.3 Epoxidation of oleic acid using amorphous Ti-SiO2 catalyst 
 
Epoxidation of oleic acid with TBHP as the oxidant over Ti-SiO2 was carried out to find the 
optimal conditions of the reaction (Figure 66). Like the epoxidation of methyl oleate, all 
experiments were carried out in the autoclaves and round-bottom flasks. 
 
 
Fig. 66 Epoxidation of oleic acid with TBHP over Ti-SiO2 catalyst 
 
 
 
2.3.1 Epoxidation of oleic acid with Ti-SiO2 (a) 
 
1) Temperature effect 
 
The effect of temperature on the epoxidation reaction of oleic acid using KKHK5a catalyst 
was investigated (Figure 67).  
The experimental results indicate clearly the trends that the conversion of oleic acid was 
significantly increased and selectivity to epoxide was remarkably decreased with increasing 
reaction temperature. In this case, a possible side reaction could be the nucleophilic ring 
openning of the epoxide, consecutive reaction, by the free carboxylic acid group of oleic acid 
resulting in the formation of oligomers and polymers. Furthermore, rearrangement of the 
epoxide to the ketone was observed which might be catalyzed by the free carboxylic acid. 
These unwanted consecutive reactions, especially at higher temperatures could be the reason 
for the observed trends. When the results are compared with those of epoxidation of methyl 
oleate, the much higher selectivity was obtained in the latter due to the absence of free 
carboxylic acid group.  
Regarding the yield in these experiments, the maximum yield was obtained at around 90 °C , 
with ignoring the yield at 100 °C due to low selectivity. However, since there was no 
significant difference between the yield at 80 °C and 90 °C, the optimal temperature of this 
reaction is 80 °C because of higher selectivity.  
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Fig. 67 Epoxidation of oleic acid using KKHK5a catalyst at different temperatures. TBHP/OA = 1.1 mol/mol, 
OA/Catalyst = 20 g/g, Toluene/OA = 1 g/g, temperature = 50 - 120 °C, reaction time = 24 h 
Experiments RH13A, RH13B, RH13C, RH13D, RH13E, RH15A, RH15B, RH15C 
 
 
2) Solvent effect 
 
The effect of solvent in the epoxidation of oleic acid using KKHK5a as the catalyst was 
examined (Figure 68). Like the experiments of the epoxidation of methyl oleate in the 
different solvents, n-hexane, toluene, acetonitrile, methanol and t-butanol were used in the 
present reactions.  
 
In the reaction using acetonitrile (polar aprotic), the relatively high selectivity could be 
possibly explained by the slightly basic nature of acetonitrile which neutralizes the reaction 
environement and it avoids the consecutive reaction of epoxide occured by acidity of active 
sites
[51]
. And the observed yield was comparatively high, even though the solubility of oleic 
acid in acetonitrile is not sufficient and thus the reaction mixture formed two-phase as a result 
to have a three phase system. From these facts, it can be stated that the polarity of the solvent 
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has not only a negative influence, but the low solubility of oleic acid in the solvents 
represents a limitation. Nevertheless, although oleic acid dissolved in methanol and t-butanol 
(both polar protic), higher activity of the catalyst was not observed.  
In the mechanism of epoxidation reaction of olefin and hydroperoxide using Ti-SiO2 catalyst, 
a titanium peroxide, Ti(OOR), is proposed as active intermediate
[58]
. In this manner, methanol 
could act as the coordinating solvent which blocks the active titanium centers and thus 
interferes the adsorption of reactant as explained before (Chapter C.2.2.2-(3)).  
 
The result proves that toluene is the best solvent for this reaction. The good solubilty of oleic 
acid in toluene and weak polar character of the toluene could represent the decisive factors 
for the relatively high activity thereby. The positive influence of a polar solvent on the 
reaction is confirmed by the results of the reaction in n-hexane. Although oleic acid shows a 
good solubility in n-hexane which is a non-polar solvent, the yield was low in comparison to 
toluene. Based on the described experimental findings, toluene was used as the solvent in 
subsequent experiments. 
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Fig. 68 Epoxidation of oleic acid using KKHK5a catalyst in different solvent. TBHP/OA = 1.1 mol/mol, 
OA/Catalyst = 20 g/g, Solvent/OA = 1 g/g, temperature = 80 °C, reaction time = 24 h 
Experiments RH11A, RH11B, RH11D, RH25A, RH25B 
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3) Catalyst screening 
 
The epoxidation reactions of oleic acid using Ti-SiO2 catalysts prepared with different silica 
sources (KKHK1a – KKHK5a) were carried out (Figure 69).  
Considering yield of each reaction, there is no significant differences except for KKHK4a. 
The selectivity in all reactions is between 39 and 52 % and the yield in between 14 and 16 % 
except for KKHK4a (11 %). The low selectivity is due to the consecutive formation of by-
products performed by carboxylic acid group of oleic acid. The activity of these catalysts 
based on the obtained yield is in the order KKHK3a > KKHK2a > KKHK5a ≈ KKHK1a > 
KKHK4a. Unfortunately, this sequence can not be explained in comparison with the catalyst 
features. However, it can be stated that the most active catalyst KKHK3a in this reaction has 
slightly higher BET surface area than the other catalysts. 
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Fig. 69 Epoxidation of oleic acid using catalysts prepared with different silica sources. TBHP/OA = 1.1 mol/mol, 
OA/Catalyst = 20 g/g, Toluene/OA = 1 g/g, temperature = 80 °C, reaction time = 24 h 
Experiments RH26, RH28, RH29, RH33 
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4) Effect of catalyst loading 
 
The influence of different amount of catalyst was examined over the catalyst loading range of 
2.5 – 12.5 wt% of oleic acid (Figure 70).  
 
No linear relation between the conversion as well as the selectivity and the amount of catalyst 
used was observed. In doubling the amount of catalyst from 2.5 wt% to 5 wt%, only a weak 
increase of yield was obtained. A further increase in the amount of catalyst to 7.5 wt% led to 
a greater increase in yield and conversion. But to our surprise with 10 wt% catalyst, no 
significant changes of the yield and conversion were observed. This yield (22.6 %), however, 
can not be regarded as the maximum of the reaction because the further increase in the 
amount of catalyst by 12.5 wt% again resulted a higher yield and conversion. The resulted 
yield values were reproduced and confirmed, so a preparative error can be excluded. 
However, the high selectivity in the reaction with 5 wt% catalyst is considered an exception 
as there was no significant change in selectivity, even though the amount of catalyst used in 
other cases was different.  
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Fig. 70 Epoxidation of oleic acid using KKHK5a with different catalyst loading. TBHP/OA = 1.1 mol/mol, 
OA/Catalyst = 20 g/g, Toluene/OA = 1 g/g, temperature = 80 °C, reaction time = 24 h 
Experiments RH23 
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5) Epoxidation of oleic acid depending on the reaction time 
 
Since the previous results of the epoxidation of oleic acid with the catalysts prepared using 
different silica souces and with different amount of loading show no significant conclusion, a 
reaction was carried out in the round-bottom flask whereby continuous sampling is possible 
within 30 hours reaction time. Due to high selectivity in the catalyst screening experiments, 
KKHK3a was used (Figure 71).  
Interestingly, during the reaction time, the conversion is continuously increasing, while the 
selectivity is dramatically decreased, so the yield with increasing reaction time approaches to 
plateau. A possible reason for this finding is that instead of double bond, the free carboxylic 
acid function of oleic acid can coordinate on the catalytic sites and thus a different reaction 
could take place on the catalyst since certain reaction time. Therefore, the remaining oleic 
acid is converted without forming epoxide in this case. Alternatively, another possible reason 
can be the occurence of consecutive reactions, such as epoxide ring opening or rearrangement 
to form the ketone by the carboxylic acid group.  
This finding suggests that it is not necessary to run the epoxidation reaction of oleic acid 
using the catalyst longer than 9 hours. 
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Fig. 71 Epoxidation of oleic acid using KKHK3a for 30 hours. TBHP/OA = 1.1 mol/mol, OA/Catalyst = 20 g/g, 
Toluene/OA = 1 g/g, temperature = 80 °C, reaction time = 30 h Experiments RH32 
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2.3.2 Epoxidation of oleic acid with Ti-SiO2 (b) 
 
1) Temperature effect 
 
To check the activity of KKHK5b in the epoxidation reaction of oleic acid, experiments were 
carried out at different temperatures, range between 50 to 90 °C. The results are presented in 
Figure 72.  
 
An increase in the reaction temperature from 50 to 70 °C results in almost constant 
conversion and selectivity. An increase of temperature to 80 and 90 °C led to remarkable 
increase of conversion but also decrease of selectivity. Thus, there is no significant change of 
the yield. Despite significantly better catalytic properties of the KKHK5b than those of the 
catalysts prepared by method ‘a’, no higher activity of the catalyst was observed.    
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Fig. 72 Epoxidation of oleic acid using KKHK5b at different temperatures . TBHP/OA = 1.1 mol/mol, 
OA/Catalyst = 20 g/g, Toluene/OA = 1 g/g, temperature = 50 - 90 °C, reaction time = 24 h 
Experiments KKH74 
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2.4 Stability test of amorphous Ti-SiO2  
 
2.4.1 Titanium leaching test on Ti-SiO2 
 
The last step after all these findings was to evaluate the stability on the Ti-SiO2 catalysts. One 
of the important tests for this purpose is the titanium leaching test, the so called hot filtration 
test. The test of KKHK5a was carried out according to R. A. Sheldon et al.
[111] 
by filtering the 
catalyst from the reaction mixture (Figure 73). Since removal of the catalyst, no further 
conversion of methyl oleate was observed, so that the yield of epoxide was constant. This can 
be a prove for the absence of titanium leaching at least 24 hours reaction time in the liquid 
phase. It has been reported that in general Ti-supported catalysts are quite stable to metal 
leaching under liquid phase oxidations
[80][112]
. However, there has been no catalyst stability 
test in a larger scale reaction. For that purpose, catalyst filtrated reaction mixtures of the 
finished reactions in the 4 L reactor with KKHK5a and KKHK5b were analyzed respectively 
by ICP-AES. As a conclusion, titanium in both mixtures was not detected at all. This proves 
that amorphous Ti-SiO2 catalysts prepared by hydrothermal method and even by 
impregnation method are stable and robust.  
Time [h]
0 5 10 15 20 25
Y
ie
ld
 [
%
]
0
10
20
30
without catalyst removal 
with catalyst removal 
Time when catalyst is removed
 
Fig. 73 Leaching test of KKHK5a in the epoxidation of methyl oleate. Catalyst = KKHK5a, TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Solvent/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h.  
Experiments KKH52 
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2.4.2 Re-usability of Ti-SiO2  
 
The re-usability of the catalyst KKHK5a was evaluated by performing three experiments with 
the same catalyst which was filtrated and calcined after each experiment. The result shown in 
Figure 74 proves that the catalyst is re-usable at least three times, although there is slight 
decrease of the yield in the next experiments. The changes of the conversion, yield and 
selectivity are not significant.  
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Fig. 74 Reusability test of KKHK5a for the epoxidation of methyl oleate. Catalyst = KKHK5a, TBHP/MO = 1.1 
mol/mol, MO/Catalyst = 20 g/g, Solvent/MO = 1 g/g, temperature = 70 °C, reaction time = 24 h. 
Experiments KKH34 
 
 
 
2.5 Distillation of reaction mixture  
 
To check the possibility of product separation from the reaction mixture after epoxidation of 
methyl oleate, distillations were carried out under high vacuum (between ca. 0.7 and 0.8 mbar) 
using 25 cm of glass distillation column. The experimental set up is shown on Figure 75. 
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For the experiment, 300 ml of catalyst filtrated reaction mixture was taken after epoxidation 
reaction of methyl oleate using KKHK5a in the 4 L reactor. After removing out the solvent, 
TBHP and TBOH from the mixture, 22.87 g of mixture was taken for the distillation. In the 
simple distillation, the formation of ketone (9 (10) Oxostearicacid methylester) was observed 
which was created by the residual acid-catalyzed rearrangement of the epoxide and it was 
remained in the cooler as a solid. The rearrangement of the product seems to be the main 
problem in the distillation. Since small traces of acids in the mixture perform rearrangement 
of the epoxide, the distillation was carried out with addition of weak bases. Firstly, 
lanthanoxide (La2O3) and calciumoxide (CaO) were added to each experiment. These weak 
bases were chosen to prevent the occurrence of alkaline hydrolysis or to minimize. However, 
in both cases, still the formation of ketone was observed. For this reason, a stronger base, 
sodiumcarbonate-hydrate (Na2CO3), was used and it worked. The yield of epoxide which was 
calculated by the wt% of the epoxide in the fraction 2 and 3 from total initial amount of 
epoxide before distillation was approximately 68 %. The calculated values are shown on table 
12 and 13.  
 
 
Fig. 75 Experimental set-up for distillation 
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About 67.8 % yield from the initial amount of epoxide in the mixture were obtained in the 
fraction 2 and 3 besides 12.38 % of the loss during the distillation process. Nevertheless, 
there is the possibility of reaction mixture separation by distillation. The separation and thus 
epoxide yield could be improved technically by increasing the number of plates of the 
column.       
 
 
Table 12 Mass of methyl oleate and epoxide in the mixture measured by GC analysis 
Total 22.87 g of mixture  MO Epoxide 
Before Distillation  16.06 g ± 1 4.08 g ± 0.4 
Fraction 1  10.73 g ± 1 0.81 g ± 0.08 
Fraction 2 + 3  4.13 g ± 0.4 2.77 g ± 0.2 
Fraction 1   T : 160 °C, P : 0.8 mbar 
Fraction 2   T : 180 °C, P : 0.74 mbar 
Fraction 3   T : 200 °C, P : 0.71 mbar  
 
Table 13 Calculated wt% of initial amount of methyl oleate and epoxide in the mixture 
 
MO [wt%] Epx.[wt%] 
Fraction1 66.80 19.76 
Fraction2 + 3 25.73 67.84 
Loss 7.45 12.38 
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D. Summary  
 
The liquid phase epoxidation of vegetable oils with tert-butyl hydroperoxide in the presence 
of amorphous Ti-SiO2 catalysts were investigated. The relation between the characteristic 
features of the catalysts and catalytic performance in the epoxidation reaction was the main 
focus. Based on the catalytic results in small batch reaction, the reaction was scaled up in a 
large 4 L reactor. Additionally, fractional distillation was carried out in order to check the 
possibility of separation of the different compounds. This could be the basic knowledge to 
consider recycling of reactants in a future continuous process.  
 
The main targets were high surface area and high dispersion of titanium in the catalyst 
framework. For this reason, several different silica sources with various surface areas and 
different preparation methods were applied. There was a significant decrease of BET surface 
area during producing Ti-SiO2 catalysts prepared by hydrothermal synthesis (method ‘a’), 
especially due to the crystallization step in the autoclave. The decrease of surface area during 
calcination step can be controlled by temperature and 500 °C was the optimal temperature for 
the calcination. Based on the results of UV/Vis and FT-IR spectroscopy, titanium is not well 
coordinated in tetrahedral environment, thus these catalysts (a) were assumed as not so active. 
One more important finding from the properties of catalysts (a) is that there were no big 
differences on catalytic properties even though different silica sources are used in the 
preparation. Because the analytic and catalytic results of the catalyst (c) were almost same 
with catalysts (a), further epoxidation reaction with catalyst (c) was omitted in this research.  
 
In contrast to the catalysts prepared according to method ‘a’, much better catalyst properties 
were obtained over catalysts prepared by impregnation method ‘b’. In this procedure, the 
surface areas of used silica sources were well conserved during the catalyst preparation and 
the dispersion of the isolated Ti(IV) was much better according to the results of UV/Vis and 
FT-IR spectroscopy. These findings fit to the concept of the production of active catalyst in 
an inexpensive method. 
 
In this manner, if an amorphous silica source with a higher surface area is found, than there is 
a possibility to synthesize a non-ordered Ti-SiO2 catalyst with a higher surface area.  
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For the epoxidation of methyl oleate with Ti-SiO2 (a), several effects were studied, such as 
temperature effect, solvent effect, catalyst properties, catalyst loading, etc. After all, 
approximately 33 % of yield of epoxide were obtained in the reaction using KKHK5a under 
optimized conditions. Such a result was also achieved in the reaction performed in the larger 
scale 4 L reactor.  
 
As expected based on the catalysts characterization of Ti-SiO2 (b), ca. 77 % of the yield with 
the selectivity higher than 98 % were obtained in the epoxidation of methyl oleate over 
KKHK5b even in the 4 L reactor. Although some factors for an optimal and economical 
epoxidation reaction, such as reaction time and titanium loading in the catalysts are not 
clearly found, the obtained high yield of epoxide over the non-ordered Ti-SiO2 is a quite 
interesting finding comparing with the results in other reports in the past
[45][46][85]
.  
 
Unlike the results from the epoxidation of methyl oleate, unexpected low yield was obtained 
in the epoxidation of oleic acid using KKHK5a as well as KKHK5b. The best results were 
about 20 % yield at a selectivity lower than 40 %. This low selectivity would be due to the 
inhibition of reactant adsorption or consecutive reaction by the free carboxylic acid part of 
oleic acid itself, such as epoxide rearrangement to the ketone.  
 
The stability of the prepared amorphous Ti-SiO2 was tested. It is concluded that these 
catalysts (KKHK5a and KKHK5b) are stable and robust. KKHK5a displayed good re-
usability. However, the BET surface area of the catalyst was decreased after each calcination 
step, even though no significant different results in the re-usability test were observed.  
 
In conclusion, KKHK5b is the best catalyst for the epoxidation of methyl oleate, anticipating 
that this catalyst can be recycled and regenerated like catalyst KKHK5a. 
 
Finally, the fractional distillation of oleic acid methyl ester and its epoxide was performed. It 
could be demonstrated that the separation of them by the addition of small amount of base, 
sodium carbonate-hydrate, is possible. Only ca. 68 % of epoxide from total amount of it in 
the initial mixture was separated.  
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E. Experimental section 
 
1. Chemicals 
 
All the chemicals were used without further purification or drying. The pure oleic acid (purity 
> 90) and oleic acid methyl ester ( approximately 95 % purity) for epoxidation reaction were 
kindly provided by the company Fuchs Europe Schmierstoffe GmbH, Mannheim. The 
technical oleic acid used in the homogeneous epoxidation was purchased from AppliChem 
GmbH. The technical methyl oleate (approximately 75 - 80 % purity) used in the epoxidation 
in 4 L reactor was purchased from Alfa Aesar 
 
The amorphous silica powder, PD10012 and PD10013 were kindly provided by the company 
PQ Corporation, the silica source Aerosil380 provided by the company Evonik industries, the 
silica source Aerosil200 provided by the company Degussa, and the silica source 
Davicat1404 provided by the company Grace Davison 
 
The titania used for catalyst synthesis was kindly provided by the company Evonik industries. 
The tert-butyl hydroperoxide in decane (5.5 M) used as oxygen donor in the solvent 
screening of both epoxidation of methyl oleate and oleic acid was purchased form Sigma-
Aldrich. The aqueous solution of TBHP (70 wt%) was purchased from Sigma-Aldrich. 
 
The methyl undecanoate (99 %) used as the standard for GC measurements of the reaction 
mixtures was obtained from Alfa Aesar. 
 
The tetraethylammonium hydroxide (ca. 40 wt% in water) used in the synthesis of amorphous 
Ti-SiO2 catalyst by method ‘a’ was purchased from Fluka, also, the tetramethylammonium 
hydroxide (ca. 40 wt% in water) used in the synthesis of amorphous Ti-SiO2 catalyst by 
method c was purchased from Fluka 
 
The solvents (toluene, methanol, t-butanol, hexanol (catalyst preparation b)) were of technical 
grade sponsored by the german chemical industry. 
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2. Preparation methods 
 
2.1 Synthesis of (NH4)3[TiO2F5] 
 
The titanium source for the Ti-SiO2 catalysts prepared by method a was synthesized as 
follows
[113]
: 2 g of TiO2 was added in 20 ml of 40 % hydrofluoric acid by mild heating and 
stirring for about 20 min. The mixture is added into 20 ml of hydrogen peroxide (30 % 
aqueous). After stirring at room temperature for 10 minutes, (NH4)OH was added drop wise 
till its pH reaches 6 (pH paper was used) at which the color of the mixture becomes yellow. 
The compound is separated by centrifugation and filtration using filter paper. Finally, it was 
washed three times with ethanol and dried in a dry oven at 90 °C overnight.   
 
2.2 Catalyst synthesis 
 
1) amorphous Ti-SiO2 by method ‘a’ 
 
Ti-SiO2 (a) was prepared as follows
[80]
: 2.7 g silica were carefully mixed with 142.17 g H2O, 
then 25.6 g tetraethylammonium hydroxide (TEAOH) and 0.435 g of ammonium 
pentafluoroperoxytitanates ((NH4)3[Ti(O2)F5]) were added and the mixture was stirred for 1 h. 
About 11.75 g of silica were added and the mixture was stirred for further 5h. The mixture 
was placed in a Teflon-lined autoclave and allowed to crystallize at 100 °C for 7 days. 
Afterwards, the gel was separated by centrifugation and washed by water three times. It was 
dried at room temperature overnight before being calcined. Calcination was done under 
nitrogen atmosphere first in a temperature program:  
Room T → 120 °C → 120 °C for 2 h → 540 °C → 540 °C for 6 h → 200 °C  
Heating rate was 1 °C/min. The same program was repeated under air. After calcination, the 
powder was immediately put into a glass bottle and dried at 150 °C overnight before usage.  
 
When a larger amount of the catalyst was prepared, the same procedures were followed. The 
only difference was that the amount of material increased proportionally to the amount of 
catalyst (i.e. the ratio between the amount of catalyst and amount of material remained 
constant)  
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2) amorphous Ti-SiO2 by method ‘b’ 
 
Ti-SiO2 (b) was prepared as follows
[11]
: 0.15 g of titanium isopropoxide (TIP) were added 
into 150 ml of cyclohexanol. The mixture is heated at 150 °C under stirring and then, 3.91 g 
of silica were added to the solution. After further stirring for 2 hours, the solid was filtrated 
under vacuum and washed with heated cyclohexanol. It was dried at 150 °C and calcined at 
500 °C for 5 hours with heating rate of 1 °C/min.  
 
The amount of titanium isopropoxide addition was changed for the preparation of the 
catalysts with different molar ratio of Ti/Si. And it was also prepared by this procedure, but 
the amount of material used increased proportionally to adjust for the increase in the amount 
of catalyst.  
 
3) amorphous Ti-SiO2 by method ‘c’ 
 
Ti-SiO2 (c) was prepared as follows
[91]
: 10 g tetramethylammonium hydroxide (TMAOH) 
and 1 g of silica were added into 710 g H2O under stirring. After the addition of 7.67 g silica 
and 0.324 g of titanium isopropoxide were added, the mixture was kept in Teflon-lined 
autoclave at 135 °C for 14 hours. After autoclaving, the mixture was filtrated, washed, and 
dried at 80 °C overnight. It was calcined at 540 °C under nitrogen for 1 hour and under air for 
6 hours with heating rate of 1 °C/min.   
 
2.3 Preparation of anhydrous TBHP 
 
Anhydrous TBHP used as the oxidant in the epoxidations of MO was prepared by mixing 
14.29 g of tert-butyl hydroperoxide (70 wt% in aqueous phase) with 30 g of toluene and 25 g 
of dried molecular sieve (UOP type 3A). This mixture was stored in the fridge for at least two 
days before use and during the time, it was mildly shaken several times. Using the anhydrous 
TBHP in the epoxidation of oleic acid, different ratios were applied to adjust the molar ratio 
in the reaction (TBHP : OA = 1.1 mol : 1 mol) because molecular weight of MO and OA is 
different.  
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3. Reactions 
 
3.1 Non-catalytic epoxidation reaction 
 
Epoxidation of oleic acid was carried out homogeneously in 4 L reactor. 2 kg of oleic acid, 
500 g of toluene and 210 g acetic acid were added in to the reactor. The mixture was heated 
to 56 – 57 °C under agitation. The mixture of 11.25 g sulfuric acid and 1328.85 g hydrogen 
peroxide (30 wt% in aqueous phase) was dropped slowly into the reactor for 1 hour. When a 
sample was taken, it was neutralized by NaOH in water solution first. Afterwards, aqueous 
phase was removed by heating under vacuum. After complete removal of aqueous phase, the 
mixture was methylated for GC analysis.  
 
3.2 Epoxidation in presence of heterogeneous catalyst, Ti-SiO2 
 
The reactions were carried out in 50 ml of two-necked round-bottom flasks placed in an oil 
bath or in a 50 ml volume of autoclave. For the small flasks, Teflon-lined magnetic stirrers 
were used but a mechanical stirrer for larger scale reactions. First, before adding the reaction 
mixture into the reactor, temperature was adjusted. 13.5 g of prepared mixture of TBHP and 
solvent are added into the reactor and afterwards 0.5 g catalyst with 10 g of methyl oleate. 
The first sample for the initial contents of reactants and product was taken before starting 
reaction. Finally, reaction was started and kept for 24 hours.  
 
Different ratios of materials were applied, such as, initial reactant concentration effect, 
different catalyst loading, etc. For the reaction in the larger scale, different amount of 
materials with same ratios were applied.  
 
 
4. Distillation of the reaction mixture 
 
After the epoxidation reaction of methyl oleate was carried out, catalyst was separated by 
filtration paper. From the mixture, 300 g were taken and distilled under vacuum at 60 – 80 °C 
using rotary evaporator to remove solvent, TBHP and TBOH. Afterwards, 22.87 g of the 
mixture was used for the distillation with 25 cm of distillation column which was insulated 
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by wool and aluminium foil, connected to cooling condenser. A small amount of sodium 
carbonate-hydrate (ca. 0.5 g) was added into the mixture. The round-bottom flask containing 
the mixture was heated by placing in the oil bath and the distillation was performed under 
high vacuum under agitation with a magnetic stirrer. Temperature was slowly increased till 
the first drop comes out into the first fraction. Temperature was further increased after the 
dropping in the fraction was finished. In the experiment, the first fraction was gathered at 
160 °C and 0.8 mbar, the second at 180 °C, 0.74 mbar and the third at 200 °C and 0.71 mbar 
of pressure.  
 
5. Analytics 
 
5.1 Calculation of conversion, yield and selectivity 
 
For the calculation of the conversion (X) of the methyl oleate (MO), following equation was 
used.  
  
         
    
       eq. 3 
ni : concentration of the substance i 
For the calculation of the yield (Y) of epoxide (EPX) from initially added reactant, MO, 
following equation was used. 
  
           
    
        eq. 4 
After that, selectivity (S) was calculated using the values of calculated conversion and yield 
with following equation 
  
 
 
         eq. 5 
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5.2 Analysis of reaction mixture 
 
The reaction mixtures were analyzed by gas chromatography on a Hewlet Packard HP 6890 
equipped with a flame ionization detector using 60 m of the slightly polar column FS-SE54. 
The GC method is shown on Table 14. 
Table 14 GC-method for the reaction mixture (Epoxidation of methyl oleate or oleic acid) 
Column 60 m, FS-SE54 
Pressure 0.8 bar 
Temperature program 50 – 270 °C ; 10 °C/min 
Temperature of detector 250 °C 
Injection volume 1 µl 
Flow rate 0.5 ml/min 
 
In the epoxidation of methyl oleate, external GC-standard method was applied. However, 
internal GC-standard method was used in the epoxidation of oleic acid. For the analysis of the 
reaction mixture of oleic acid, it had to be methylated before GC analysis because the column 
is sensitive for acids. This methylated reaction mixture of oleic acid can be analyzed using 
the same GC-method as methyl oleate mixture. The methylation of the samples were carried 
out according to usual method
[114]
. 0.12 g of sample with 350 mL of a methanolic boron 
trifluoride solution (10% w / v BF3) were mixed and heated for 30 min at 60 ° C. After 
adding 1.5 mL of hexane, it was washed with water. The organic phase was separated and 
dried with sodium sulfate. The products after methylation are shown on Figure 76. 
 
 
Fig. 76 Provided chemicals by the methylation of the reaction mixture of the epoxidation of oleic acid. 
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For the quantitative analysis of substances in the reaction mixture, firstly, the measured 
results by calibration of each substance were compared with the results calculated using 
theoretical correction factors of the substances based on its effective carbon number and 
molecular weight. Measured calibration curves are shown on Figure 77 and 78.  
 
 
Fig. 77 GC calibration of MO 
 
 
  
Fig. 78 GC calibration of epoxide 
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Carbon atoms show differences in the ionization behavior. By this reason, an effective carbon 
number is defined
[116]
. The response factor is calculated with following equation. 
  
                 
                 
             eq. 6 
r : theoretical response factor; C : effective carbon number; M : molecular weight  
 
Calculated theoretical response factor is used as correction factor and the concentration of a 
substance in a sample is calculated using following equation. 
           
                      
         
           eq. 7 
r : theoretical response factor; C : concentration of the substance in the reaction mixture; A : peak area of the 
substance on the GC result 
 
The calculated correction factors and retention times of the substances, methyl undecanoate 
(standard), oleic acid methyl ester (also provided by the methylation of oleic acid), 9,10-
Epoxystearic methyl ester (ESME), and 9 (10)-Hydroxy-10 (9)-methoxy-stearic methyl ester 
(HMSME) (provided by methylation of epoxidized oleic acid) are listed on Table 15.  
Table 15 Retention times of substances on GC result and calculated correction factors 
Substance r Retention time 
methyl undecanoate - ca. 21.121 min 
methyl oleate 0.896 ca. 32.054 min 
ESME 1.001 ca. 35.781 min 
HMSME 1.087 ca. 39.010 min 
 
5.3 X-ray Powder Diffraction (XRD) 
 
XRD patterns were measured on a Siemens D 5000 with the wavelength of 1.5405 Å  (Cu 
Kα1). The anode material used was copper and the radiation filter consisted of nickel. The 
scan was done in the 2θ range of 3 – 90 °.  
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5.4 Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
 
Elemental chemical analysis was done with Inductive coupled plasma atomic emission 
spectroscopy on a Spectro-Flame D. Typically, 30 mg of the sample are dissolved in 40 ml 
10 % solution of HF, 8 ml of water and 2 ml sulfuric acid (98 %). When the reaction mixture 
was analyzed to check titanium leaching, 5 ml of HCl (37 %) and 5 ml H2O were used and it 
was analyzed in the water phase. 
 
5.5 Thermo Gravimetric Analysis (TGA) 
 
Thermo gravimetric analysis was done on a Netzsch STA 409 C. The sample was heated 
from room temperature to 1100 °C with a ramp of 2 °C/min in dry air. 
5.6 Nitrogen Adsorption Isotherm Analysis (BET) 
 
The BET surface area (according to Brunauer Emmet Teller method) was measured on 
Micrometrics ASAP 2010. It was carried out at 77.3 K with relative pressure (P/P0) range of 
0.05 – 0.25. A mixture of nitrogen and helium was used as the test gas.  
 
5.7 Fourier-transformed Infrared Spectroscopy (FT-IR) 
 
FT-IR analysis was conducted on a Nicolet Protégé 460. The small amount of sample were 
grinded and mixed with KBr and pelletized by Grasby Specac 15 t press. The spectra was 
taken at room temperature under dry air flow.  
 
5.8 Diffuse Reflectance UV/Vis spectroscopy (DR-UV) 
 
DR-UV/Vis spectroscopy was recorded on a Lambda 7 instrument produced by Perkin-Elmer. 
A sample was simply measured in the wavelength range of 190 – 500 nm after putting the 
powder sample on the T-shaped sample plate. BaSO4 was used as reference.  
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5.9 Scanning Electron Microscope 
 
SEM was measured by the equipment, HITACHI S-4800 in the scale range of 500 µm – 300 
nm. 
 
Acknowledgements 
This thesis is the result of a research work that is within the context of the research project 
‘ECO-GLEIT’ (project number : KF 2317301SK9) 
 
  
94 
 
References 
[1] T. C. Jennings, W. H. Starnes, in: C. E. Wilkes, J. W. Summers, C. A. Daniels (Eds.), 
2005, PVC Handbook, Hanser Gardener, p.96-101 
[2] GBI research, 2011, GBICH0032MR 
[3] A. Willing, 2001, Chemosphere, 43, 89-98 
[4] P. S. Lathi, B. Mattiasson, 2007, Applied Catalysis B: Environmental 69, 207-212 
[5] E. Poli, N. Bion, J. Barrault, S. Casciato, V. Dubois, Y. Pouilloux, J. Clacens, 2010, 
Catalysis Today, doi:10,1016/j.cattod.2010.02.005 
[6] S. Z, Erhan., S. Asadauskas, 2000, Industrial Crops and Products, 11, 277-282 
[7] H. Wagner, R. Luther, T. Mang, 2001, Applied Catalysis A: General 221, 429-442 
[8] G. Ajithkumar, 2009, dissertation for Doctor, School of engineering, Cochin University of 
science and technology 
[9] H. Baumann, M. Buehler, H. Fochem, F. Hirsinger, H. Zoebeleim, J. Falbe, 1988, Angew. 
Chem.  Int. Ed. Engl.,27, 41-62 
[10] L. Rios, D. A. Echeverri, A. Franco, 2011, Applied Catalysis A: General 394, 132-137 
[11] A. Campanella, M. A. Baltanas, M. C. Capel-Sanchez, J. M. Campos-Martin, J. L. G. 
Fierro, 2004, Green Chem, 6, 330-334 
[12] G. Fogassy, P. Ke, F. Figueras, P. Cassagnau, S. Rouzeau, V. Courault, G. Gelbard, C. 
Pinel, Appl. Catal. A, 2011, 393, 1-8 
[13] E. Richter in: H. Zweifel, R. D. Maier, M. Schiller (Eds.), Plastics additives Handbook, 
2001, Hanser Publishers 
[14] B. Treffler, Plastics, Rubbers and Composites, 2005, vol. 34, no. 3 
[15] E. B. Rabinovitch, E. Lacatus, J. W. Summers, Journal of Vinyl Technology, 1984, vol. 6, 
no. 3 
[16] Classification of lubricants, http://www.substech.com 
[17] S. G. Tan, W. S. Chow, 2010, Polymer-Plastics Technology and Engineering, 49, 1581-
1590 
[18] Toscano, J, Biodegradable lubricants, 2005, Science Tech Entrepreneur 
[19] C.W. Lea, 2002, Industrial Lubrication and Tribology, Vol. 54 Iss: 6, pp.268 – 274 
[20] J. G. Wallace, 1978, Encyclopedia of Chemical technology, 3
rd
 edn., john Wiley & Sons, 
New York, Vol. 9, 795-830 
[21] R. Garces, E. Martinez-Force, J. J. Salas, 2011, Grasas y Aceites, 62, 21-28 
[22] C. Litchfield, 1972, Academic Press, New York, ISBN: 0124519504 
95 
 
[23] H. Schuster, 2006, dissertation, RWTH Aachen 
[24] U. Biermann, U. Bornscheuer, M. A. R. Meier, J. O. Metzger, H. Schäfer, 2011, Angew. 
Chem. Int. Ed., 50, 3854 – 3871 
[25] H. Baumann, M. Bühler, H. Fochem, F. Hirsinger, H. Zoebelein, J.  Falbe, 1988, 
Angew. Chem., 100, 42-62 
[26] M. Guidotti, R. Psaro, M. Sgobba, N. Ravasio, 2007, Catalysis for Renewables, edt. By 
G. Centi, R. A. van Santen, WILEY-VCH Verlag GmbH & Co., p257-270 
[27] I. V. Kozhevnikov, G. P. Mulder, M.C. Steverink-de Zoete, M. G. Oostwal, 1998, 
Journal of Molecular Catalysis A: Chemical 134, 223-228 
[28] E. Poli, J. Clacens, J. Barrault, Y. Pouilloux, 2009, Catalysis Today, 140, 19-22 
[29] A. E. Gerbase, J. R. Gregorio, M. Martinelli, M. C. Brasil, A. N.F. Mendes, 2002, 
JAOCS, 79, 2 
[30] W. A. Herrmann, R. W. Fischer, M. U. Rauch, W. Scherer, 1994, Journal of Molecular 
Catalysis, 86, 243-266 
[31] L. C. Passoni, M. R. H. Siddiqui, A. Steiner, I. V. Kozhevnikov, 2000, Journal of 
Molecular Catalysis A: Chemical 153, 103-108 
[32] T. A. Foglia, P. E. Sonnet, A. Nunez, R. L. Dudley, 1998, JAOCS, 75, 5 
[33] J. M. Sobczak, J. J. Ziolkowski, 2003, Appl. Catal. A: General, 248, 261 
[34] M. Farias, M. Martinelli, D. P. Bottega, 2010, Applied Catalysis A: General 384, 213-
219 
[35] C. Orellana-Coca, U. Tornvall, D. Adlercreutz, B. Mattiasson, R. Hatti-Kaul, 2005, 
Biocatalysis and Biotransformation, 23(6), 431-437 
[36] G. J. Piazza, A. Nunez, T. A. Foglia, 2003, Journal of Molecular Catalysis B : 
Enzymatic 21, 143-151 
[37] T. Vlcek, Z. S. Petrovic, 2006, J. Am. Oil Chem. Soc., 83, 247-252 
[38] O. A. Kholdeeva, N. N. Trukhan, 2006, Russian Chemical Reviews, 75 (5), 411-432 
[39] Y. Itoi, M. Inoue, S. Enomoto, 1986, Bull. Chem. Soc. Jpn., 59, 3941 
[40] A. Debal, G. Rafaralahitsimba, E. Ucciani, 1993, Fat Sci. Technol., 95, 236 
[41] A. Debal, G. Rafaralahitsimba, E. Ucciani, 1995, Fat Sci. Technol., 97, 269-273 
[42] A. O. Bouh, J. H. Espenson, 2003, Journal of Molecular Catalysis A: Chemical, 200, 43-
47 
[43] M. Li, J. H. Espenson, 2003, Journal of Molecular Catalysis A: Chemical, 208, 123-128 
96 
 
[44] M. A. Camblor, A. Corma, P. Esteve, A. Martinez, S. Valencia, 1997, Chem. Commun., 
795 
[45] M. Guidotti, N. Ravasio, R. Psaro, E. Gianotti, L. Marchese, S. Coluccia, 2003, Green 
Chemistry, 5, 421-424 
[46] L. A. Rios, P. Weckes, H. Schuster, W. F. Hoelderich, 2005, Journal of Catalysis, 232, 
19 
[47] S. Linic, M. A. Barteau in Handbook of Heterogeneous Catalysis, 2008, Wiley-VCH 
Verlag GmbH & Co., p3458-3460 
[48] R. A. Sheldon, 1980, Journal of Molecular Catalysis, 7, 107-126 
[49] M. Dusi, T. Mallat, A. Baiker, 2000, Catal. Rev. –Sci. Eng., 42, 213 
[50] H. C. L. Abbenhuis, S. Krijnen, R. A. van Santen, 1997, Chem. Commun., 331 
[51] J. C. van der Waal, H. van Bekkum, 1997, Journal of Molecular Catalysis A: Chemical 
124, 137-146 
[52] E. Gianotti, C. Bisio, L. Marches, M. Guidotti, N. Ravasio, R. Psaro, S. Coluccia, 2007, 
J. Phys. Chem., 111, 5083-5089 
[53] J. M. Thomas, G. Sankar, 2001, Acc. Chem. Res., 34, 571 
[54] G. Sanker, J. M. Thomas, C. R. A. Catlow, C. M. Barker, D. Gleeson, N. Kaltsoyannis, 
2001, J. Phys. Chem. B, 105, 9028 
[55] G. Tozzola, M. A. Mantegazza, G. Ranghino, G. Petrini, S. Bordiga, G. Ricchiardi, C. 
Lamberti, R. Zulian, A. Zecchina, 1998, J. Catal., 179, 64 
[56] R. R. Sever, T. W. Root, 2003, J. Phys. Chem. B, 107, 4090 
[57] M. G. Clerici, P. Ingallina, 1993, J. Catal., 140, 71 
[58] S. Bordiga, A. Damin, F. Bonino, G. Ricchiardi, C. Lamberti, A. Zecchina, 2002, Angew. 
Chem. Int. Ed., 41, 4734 
[59] J. Zhuang, G. Yang, D. Ma, X. Lan, X. Liu, X. Han, X. Bao, U. Mueller, 2004, Angew. 
Chem. Int. Ed., 41, 4734 
[60] W. Lin, H. Frei, 2002, J. Am. Chem. Int. Ed., 43, 6377 
[61] C. R. Jr. Smith, 1972, F. D. Gunstone, ed., John Wiley & Sons, New York, 3, 89-124 
[62] C. C. Akoh, D. B. Min, eds, 2002, Chemistry, Nutrition, and Biotechnology, 2
nd
 ed., 
Marcel Dekker, Inc., New York 
[63] F. D. Gunstone, 1999, Fatty acid and Lipid Chemistry, Aspen Publishers, Inc. 
[64] R. A Sheldon, J. A. van Doorn, 1973, Journal of Catalysis, 31, 427, 438 
[65] M. Taramasso, G. Perego, B. Notari, 1983, US Pat. 4. 410. 501 
97 
 
[66] A. Espoito, M. G. Clerici, F. Buonomo, U. Romano, 1985, Brit. Pat., 2. 116. 974 
[67] C. D. Chang, S. D. Hellring, 1986, US Pat. 4. 578. 521 
[68] G. Bellussi, M. S. Rigutto, 1994, Stud. Surf. Sci. Catal., 85, 177 
[69] L. Tosheva, 1999, LTU-LIC-99/27-SE 
[70] K. A. Genov, 2004, PhD dissertation, University of Bremen 
[71] M. G. Clerici, G. Bellussi, U. Romana, 1991, Journal of Catalysis, 129, 159 
[72] B. Notari, 1993, Catal. Today, 18, 163 
[73] A. Corma, P. Esteve, A. Martinez, S. Valencia, 1995, Jounal of Catalysis, 152, 18 
[74] A. Corma, M. A. Camblor, P. Esteve, A. Martinez, J. Perez-Pariente, 1994, Journal of 
Catalysis, 145, 151 
[75] J. C. van der Waal, P. Lin, M. S. Rigutto, H. van Bekkum, 1997, Stud. Surf. Sci. Catal., 
105, 1093 
[76] R. J. Saxton, J. G. Zajacek, K. S. Wijesekera, 1994, Eur. Pat., 0.659.685 A1 
[77] M. A. Camblor, M. Costantitni, A. Corma, L. Gilbert, P. Esteve, A. Martinez, S. 
Valencia, 1996, J. Chem. Soc. Chem. Commun., 1339 
[78] A. Corma, P. Esteve, A. Martinez, 1996, Journal of Catalysis, 161, 11 
[79] A. Corma, M. Iglesias, F. Sanchez, 1995, J. Chem. Soc., Chem. Commun., 1635 
[80] L. A. Rios dissertation, 2003, RWTH Aachen 
[81] S. Biz, L. Occelli, 1998, Catal. Rev. –Sci. Eng., 40, 323 
[82] J. He, W. Xu, D. G. Evans, X. Duan, C. Li, 2000, Microporous and Mesoporous 
Materials, 44-45, 581-586 
[83] G. Langhendries, D. E. De Vos, G. V. Baron, P. A. Jacobs, 1999, Journal of Catalysis, 
187, 453 
[84] J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge, K. D. Schmitt, C. 
T-W. Chu, D. H. Olson, E. W. Sheppard, S. B. McCullen, J. B. Higgins, J. L. Schlenker, 
1992, J. Am. Chem. Soc., 114, 10834-10843 
[85] M. Guidotti, L. Conti, A. Fusi, N. Ravasio, R. Psaro, 2002, J. Mol. Catal. A, 182-183, 
149 
[86] K. J. Balkus Jr., A. K. Khanmamedova, K. M. Dixon, F. Bedioui, 1996, Appl. Catal. A, 
143, 159 
[87] H. Kochkar, F. Figueras, 1997, Journal of Catalysis, 171, 420-430 
98 
 
[88] M. C. Capel-Sanchez, J. M. Campos-Martin, J. L. G. Fierro, ‘Silylation of titanium-
containing amorphous silica catalyst: Effect on the alkenes epoxidation with H2O2, 
http://www.icp.csic.es/eqs/ 
[89] T. E. W. Niessen, J. P. M. Niederer, T. Gjervan, W. F. Hoelderich, 1998, Microporous 
Mater., 21, 67 
[90] M. C. Capel-Sanchez, J. M. Campos-Martin, J. L. G. Fierro, 2003, Journal of Catalysis, 
217, 195-202 
[91] T. Blasco, A. Corma, M. T. Navarro, J. Perez Pariente, 1995, Journal of Catalysis, 156, 
65-74 
[92] M. C. Capel-Sanchez, G. Blanco-Brieva, J. M. Campos Martin, M. P. de Frutos, W. Wen, 
J. A. Rodriguez, J. L. G. Fierro, 2009, Langmuir, 25(12), 7148-7155 
[93] S. T. Yang, J. S. Choi, Y. C. Kwon, S. W. Lee, W. S. Ahn, 2008, Korean Chem. Eng. 
Res., 46, 142-146 
[94] M. Guidotti, N. Ravasio, R. Psaro, E. Gianotti, S. Coluccia, L. Marchese, 2006, Journal 
of Molecular Catalysis, 250, 218-225 
[95] X. Gao, I. Wachs, 1999, Catalysis Today, 51, 233-254 
[96] D. C. M. Dutoit, M. Schenider, A. Baiker, 1995, Journal of Catalysis, 153, 165-176 
[97] A. Lopez, M. H. Tuilier, J. L. Guth, L. Delmotte, J. M. Popa, 1993, J. Solid. State Chem, 
480 
[98] J. M. Fraile, J. I. Garcia, J. A. Mayoral, L. C. de Menorval, F. Rachdi, 1995, J. Chem. 
Soc., Chem. Commun., 539 
[99] C. Cativiela, J. M. Fraile, J. I. Garcia, J. A. Mayoral, 1996, J. Molecular Catalysis A: 
Chemical, 112, 259-267 
[100] M. G. Clerici, P. Ingallina, 1993, Journal of Catalysis, 140, 71 
[101] D. R. Kodali, 2002, Industrial Lubrication and Tribology, 54, 165-170 
[102] R. Klaewkla, S. Kulprathipanja, P. Rangsunvigit, T. Rirksomboon, W. Rathbun, L. 
Nemeth, 2006, Chemical Engineering Journal, 129, 21-30 
[103] S. B. Shin, D. Chadwick, 2010, Ind. Eng. Chem. Res., 49, 8125-8134 
[104] F. E. Okieimen, O. I. Bakare, C. O. Okieimen, 2002, Ind. Crops Prod., 15, 139-144 
[105] V. V. Goud, N. C. Pradhan, A. V. Patwardhan, 2006, JAOCS, 83, 7 
[106] C. Cai, H. Dai, R. Chen, C. Su, X. Xu, S. Zhang, L. Yang, 2008, Eur. Jour. Lip. Sci. 
Tech., 110, 4, 341-346 
99 
 
[107] M.V. Cagnoli, S.G. Casuscelli, A.M. Alvarez, J.F. Bengoa, N.G. Gallegos, N.M. 
Samaniego, M.E. Crivello, G.E. Ghione, C.F. Pérez, E.R. Herrero and S.G. Marchetti, 2005, 
Applied Catalysis A: General, 287, 2, 227-235 
[108] K. T. Li, I. C. Chen, 2002, Ind. Eng. Chem. Res., 41, 4028-4034 
[109] M. Guidotti, N. Ravasio, R. Psaro, G. Ferraris, G. Moretti, 2003, Journal of Catalysis, 
214, 242-250 
[110] C. Beck, T. Mallat, A. Baiker, 1995, Journal of Catalysis, 204, 428 
[111] I. W. C. E. Arends, R. A. Sheldon, 2001, Applied catalysis A: General, 212, 175 
[112] J. J. P. M. Niederer dissertation, 2002, RWTH Aachen 
[113] M. K. Chaudhuri, B. Das, 1986, Inorg. Chem., 25, 168-170 
[114] D. G. Watson, 1993, Gas Chromatography, 543, 93-2449 
[115] R. A. Sheldon, M. Wallau, I. W. C. E. Arends, U. Schuchardt, 1998, Acc. Chem. Res., 
31, 485 
[116] B.M.E. Russbueldt, Theoretical Response Factors presentation, TCHK, RWTH Aachen 
 
  
100 
 
Appendix 
 
List of abbreviations 
 
KKH No. Experiment No. conducted by Kim, KyungHoon 
RH No. Experiment No. conducted by Roman Honeker 
KKHK No. (a) Catalyst No. prepared by method ‘a’ 
Å  Angstrom 
BET Adsorption isotherm, according to Brunauer, Emmet, Teller 
BJH Mesopore distribution according to Barrett, Joyner, Halenda 
C Concentration 
DR-UV Diffuse Reflectance UV/Vis spectroscopy 
EXP Epoxide 
FT-IR Fourier-transformed Infrared Spectroscopy 
ICP-AES Inductive coupled plasma Atomic Emission Spectroscopy 
k Reaction rate constant 
K adsorption and desorption equilibrium constant 
MO Methyl oleate 
OA Oleic acid 
PVC Polyvinyl chloride 
r Reaction rate 
S Selectivity 
SEM Scanning Electron Microscope 
SDA Structure directing agent 
TBHP tert-Butyl hydroperoxide 
TBOH tert-Butanol 
TGA Thermal gravimetric analysis 
TEAOH tetraethylammonium hydroxide 
TMAOH tetramethylammonium hydroxide 
X Conversion 
XRD X-ray powder diffraction 
Y Yield 
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Gas chromatography result 
 
 
 
 
 
Used equipments for analysis 
 
 
Gas chromatography (Hewlet Packard HP 6890) 
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X-ray Powder Diffraction (XRD) (Siemens D 5000) 
 
 
Thermo gravimetric analysis (Netzsch STA 409 C) 
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Nitrogen Adsorption Isotherm Analysis (BET) (Micrometrics ASAP 2010) 
 
 
 
Fourier-transformed Infrared Spectroscopy (FT-IR) (Nicolet Protégé 460) 
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Diffuse Reflectance UV/Vis spectroscopy (DR-UV) (Lambda 7) 
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